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FINELY DIVIDED SOLIDS

Foreword

A review of the literature on, and an attempt to define, tentative water quality
criteria for finely divided sohds and inland fish and fisheries were chosen as the
first task of the Working Party on Water Quality Criteria for European Fresh-
water Fish and set a pattern for future reports. The preparation of the ‘original
report on which this chapter is based was accomplished largely by Mr D, W. M,
Herbert, who prepared the basic manuscript for review by other members of the
Working Party. It was not possible to study the whole of the world’s literatire on
the subject, but a large proportion of the more important research reports was
considered, together with unpublished data provided by fishery biologists in
many European countries, Since.then much more has been published includin
several reviews, . by Hollis ét al. (1964), Shelton and Pollock (1966), Gamm
(1970), Ritchie (1972), and Sorensen’ ef al. (1977); the data support the conclu-
sions drawn in'the original EIFAC report and therefore are riot reviewed again
here, except in a few cases where European species are concemed In addition,

hlthcrto unpublished data are included.

1.1 Summary

Water quality criteria for suspended solids are nesded by those who have to
manage .inland.. fisheries and must. sometimes decide, for example, how much -.
solid matter could enter a river. or lake without undue risk to a fishery, or
whether it is worth attempting to develop a commercial or recreational fishery
in water already containing a known concentration of such materials.

There are at least five ways in which an excessive concentration of finely
dmded solid matter might be harmful to a fishery in a river or a lake, These are:

(a) By.acting directly on the fish swimming in water in which solids are sus-
pended, and ejther killing them or reducing their growth rate, resistance
to disease, etc.
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(d) By reducing the abundance of food available to the fish.
(¢) By affecting the efficiency of methods for catehing fish,

Some or all of these factors could operate topether to harm a fishery. .
J There 1s evidence that.not.all species of fish, afe. equally susceptible to sus.
" pended solids, and that not all kinds of solid ae equally harmful, Unfortun.
ately- there s very littie information on these and many other aspects of the
problem, and-much of the evidence which does exist is less firmly established
than is desirable, It has therefore been concluded that definite witer quality

. be proposed. Nevertheless;'when the evidence. is.considered as a whole, certain
_ general conclusions can be drawn.

There is probably no sharply. defined concentration of a solid above which
fisheries are damaged and below which they are quite unharmed, 1t appears that
‘any increase in the normally prevalling concentration of suspended matter above
quite a low ievel may cause some deciine in the status and value of.a freshwater
fishery, and that the risk of damage increases.with the concentration. Although
there is not enough evidence to aliow the relation between solids cancentration
and-risk of damage to be defined at all precisely, the Working Party considers
that the degree of risk to fisheries may be divided into four arbitrarily defined
categories-and that rough estimates may be made of the ranges of concentration
to which they would generally correspond. From this approach to the problem
the following tentative criteria are presented, With respect to chemically inert
solids and to waters which are otherwise satisfactory for the maintenance of
freshwater fisheries, - ’

{a) ‘There is no evidence that concentrations of suspended solids less than

. 25 mg/2 have any harmful effects on fisheries,

V (b) 1t should usually be possible to maintain good or moderate fisheries in
waters which normally contain 25-80 mg/# suspended solids. Other factors
being equal, however, the yieid. of fish from such waters might be some-
what iower than from those in category (a).

(¢) - Waters normally containing' from 80400 mg/f suspended solids- are
unlikely to support good freshwater fisheries, although fisheries may some-
" times be found at the lower concentrations within this range.
(d) At the best, only poor fisheries are likely to be found in waters which
normally contain more than 400 mg/® suspénded solids.

In addition, aithough concentrations of several thousand mg/¢ sollds may not
kill fish during several hours or days exposure, such temporary high concentra-
tions shouid be prévented in rivers where good fisherjes are to be maintained.

. The spawning grounds of salmon and trout require special consideration and
should be kept a3 ftee as possible from finely divided solids.= .

1!;&!9“951“_’9'}1.0\‘ Ry g:’.'ll}i‘-'lli&_l Wil stk g e o
( ~eariy all river and iake waters have some solid matter in suspension and sor-
it times, contain very high concéntrations resulting from soil erosion, fi
- B A B e TARECAL Gy L o K

criterld which distinguish between the many different kinds of finely divided -
4 . solids. to which different sorts of inlarid fisherles may be subjeoted canniot yet”
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B ,! ' " Finely.divided solids 3
_ engineering works during which large volumes of earth are disturbed, from for-
estry operations; and from the discharge of sewage, sewagé ¢fflizents, mining’
wastes, pulp and paper mill wastes, and other industrial effluents. Solids of many
different kinds are therefore to be found in surface waters. Some of them—basic
salts of zinc for example—have toxic properties (Lloyd, 1960: Herbert and
Wakeford, 1964), while organic solids are oxldized by micro-organlsms which
can reduce the concentration of dissolved oxygen-lo levels at which [ish are
asphyxiated. Effects of these kinds are not considered in this chapter, nor has
particular attention been given to the effects which solids may have by altering
physical characteristics of the water such as temperature. Furthermose, some
waste waters contain both solids in suspension and potentially harmful sub-
stances in solution, .
The possibility that suspended solids will modify the resistance of fish to
poisons, or to low dissolved oxygen, high temperature and extremes of pH vaiue
has not been examined, nor are. there inciuded in the chapter the results of
laboratory studies or of observation in the field unless it was reasonably certain
that any adverse effects were due only to the solids, For example, Rolley and
Owens (1967) have shown that dissolved oxygen may be reduced as a resuit of
deposits of organic matter being brought into suspension, consequentiy we-have
not used some reports of fish. kills during floods when the suspended.-soiids con-
centration was high and the’ dissoived-oxygen concentration was not measured,
Some other research reports-have been exciuded because we considered that
the conciusions reached by!their suthors. were not fully supporied by the evl.
dence. In many research pdpers—especially some of those reporting studies of
: iakes and rivers—much of the evidence which we have used is less securely
B established than is desirable: because the suspended-solids concentrations were
ot measured very often.
Although most authors have reported their observations as weight of solids
per unit volume of water, others have expressed them as light transmittancies of
Secchi disc readings. One of these systems of measitrement cannot be converted
into another unless the relation bétwéen them has been determined for the par-
ticular solid under consideriition. Because the appropriate relation has seidom
been reported, we have not attempted to use one system of measurement
- throughout the llterature survey, but have quoted resvits in the units empioyed
: by the authors. [ 3 S
From our study of the iiterature it is apparent that there are at jeast five ways
in which an excessive concentration of fineiy divided solid matter might be harm-
ful to a fishery in a river or a lake. These are:

+

& /a) By acting directly on the fish swimming in water in which solids are sus-

pended, and either killing them er reducing their growth rate and resist-

' g-:’ ance to diseage, | L
. &- (b) By preveriting the successful development of fish epgs and larvae.

(c) By modifying natural movements and migrations of fish.
(d) Byreducing the abuntance of food available to the fish.
(e) By affecting the efficiencysof methods for catching fish.

- -

addlt]o_n; some or all 'oi‘_. these factors could :opern'te ioge_the': arm a fishery,
: 1 These subjects (except (¢)) are considered in the next se: _this.chapter.
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. Finely divided solids  §
earth after exposure periods of 10 days In some experiments, but oply after 85
days in-others (Herbert and Merkoni, 1961). Sprues fibre at 200 mg/% produced
50 per cent mortality among rainbowtrout after 16 weeks exposure, and 70 per
. cent after 30 weeks (Herbert and Richards, 1963),
On the other hand, M, Grande (personat communication) found that only one
rainbow trout out of five was killed during 37 days in 1000 mg/¢ celluiose fibre,
and Vallin (1935) reported that one individual of each of the specles Carassius

o) [

1.3 Literature survey- st bo oseing. oacn, LR R . FLL S
e . s anr 2 . P -

t.3.1 DIRECT EFFECTS OF Sbl..lDS IN SUSPENSION

Death or survival bf Jish

allen (1951) kept several specles of fish in water containing montmoriilonite

clay and increased the turbidity to high levels for a short time ¢ach day by stir- ; :5 carassius, Leuciscus rutilis, and Thymallus thymallus was tested and survived 3
ring the sediment. Most Individuals of ali species—including goldfish (Carassius iv / weeks In 200 mg/e. Herbert and Wakeford (1962) found that there were no
auratus) and commen carp (Cyprinus carpio)—endured maximum turbldities of 4

deaths among ralhbow trout kept for 4 weeks in a suspension of 553 mg/g

|
100000 mg/€ occurring during experiments lasting a week or more, and some "« |/ gypsum. There.was 100 per cent survival of the same species for 9 to 10 months

individuals of these two species survived occasional exposure to 225000 mg/ff

(
¢
¢

for one Lo three weeks. Herbert (personal communication) found that rainbow
trout (Salmo gairdneri) survived one day in- 80000 mg/® silt from gravel washing,
and the concentration had to be raised to about 160000 mg/® to kill them within
this period. J. S. Alabaster (personal communication) found that harlequin

{Rasbora heteromorpha), a troplcal fish, was killed in a day by about 40000 ~

mg/2 bentonite clay, but survived for a week in 6000 mg/®. Resuspended harbour
sediment (containing organic matter, oil and grease, and heavy metals at concen-
trations of up to 28000 mg/R) had no observabie adverse effects on stickleback
(Gasterosteus acufeatus) and fry of coho szimon (Oncorhynchus kisutch) in 4
days (Le Gore and Des Voigne, 1973). Cole (1935) reported that some fish sur-
vived 20000 mg/R wood fibre, although he said that it undoubtediy hastened the
death of unhealthy or morlbund individuals, and Griffin {1938) stated that
Pacific salmon (Oncorhynchus) and trout fingerlings iived for 3-4 weeks in con-
centrations of 300-750 mg/® slit which Were increased to 2300-6500 mg/® for
short periods by stirring the sediment each day: Thus it appears that many kinds
of fish are unlikely to be killed within a day or so by exposure to suspended
matter uiless the concentrations are extremely high. To kill within such short
times the concentrations. of some solids wouid probably have to exceed 100000
mg/¢. However, Slanina (1962) found that although rainbow trout survived a
week in 5000-300000 mg/? suspended minersl solids, the eplthellum of their
gills had thickened and proliferated. Similariy-affected gills were observed in
ralnbow trout which eventually died after exposure to severl hundred mg/2
solids for longer periods (Herbert and Merkens, 1961)s Exposure for relatively
short periods to very high concentrations might thus be harmfui -eventually
even though fish are not kilied within the period of exposure,

Concentrations of several hundred thousand mg/2 are never fikely to be
present in surface waters for more than a short time, but quite high concentra-
tions can be present for reiativeiy long periods. From 2000-t0 6000 mg/R silt,
persisting for 15-20 days, have been reported for rivers in flood {Campbeli,
1954; Simaika, 1940; and Kemp, 1949); 6000 mg/? and 1000 mg/R appear to
have been average ieveis In two streams continuously poliuted with wastes from
china<clay mining (Herbert er al., 1961), . b :

In the laboratory, 4250 mg/R gypsum In suspension produced a 50 per cent
mortality among rainbow trout in about 3% weeks (Herbert and Wakeford,
1962). Caged rainbow -trout were killed In 20 days in the Powder River,
Oregon, when the concentration was 1000 to 2500 mg/R but other conditlons

were" apparently” datisfactory’ (Campbell}” 1954) In laboritory studies thers

weré 40-50 per cént kill§"of tout In 810 %Hd 270 /¥ Kaolii and distomacsots

y the
“mg/® suspended solids or more Is likely to depend upon the nature of the solids

in 200 mg/® of sollds from a coal washery (Herbert and Richards, 1963).

Thus there s evidence from properly conducted experiments and reliable
observations of rivers that suspended-solids concentrations from. 200 to several
thousand mg/f have caused deaths among fish exposed for several weeks or
months, and other equally reliabie evidence that fish have been kept with few. or
no deaths at concentrations in the. range 200-1000 mg/2 for similar periods.
These differences are probably due in part to the kind of solid: in simultaneous
experiments with Identical techniques, all the rainbow trout tested in 200 mg/t
coal washery sollds for 40 weeks survived, whereas nearly 80 per cent died In the
same concentratlon of spruce fibre (Herbert and Richards, 1963). Ellis (1944)
states that the larger the particles, and the greater their hardness and angularity,
the greater the possibility of injury to gill structures. Another factor is that
species of fish afe not all equally resistant, Smith, Kramer and McLeod (1965)
found that walleye fingerlings (Stizostedion v, vitreum) were killed within 72
hours by 100 mg/f of various wood pulps, although 20000 mg/? did not kill
fathead minnow (Pimephales promelas) exposed for 96 hours [Whether or nol

a niver of Jake will evéntually be kille inual presence of 200

and the specles present/ Nevertheless, the available evidence suggests TTar e
among lish living in waters which over long periods contain suspended
solids in excess of 200 mg/? will often be substantially greater than It would
have been in clean water. : )

There are also a few studies of death rates in concentrations lower than 200
mg/%, Smith, Kramer and McLeod (1965) found that the waileye (which seems to
be an extremely sensitive fish) was Killed within 3 days by 100 mg/® wood pulp,
and a rather special case.ls provided by ferric hydroxide which when precipitated
from acid solutions containing 3 mg/R Fe on to the gills of trout, carp, and tench

_ (Tinca tinca) Kills them when the pH value rises above 5.5 (H. Mann, personal

communicatlon; Krimer, 1924), More recent work by Sykora, Smith and Synak
(1972) showed that suspensions of férric hydroxide of about 96, 48 and 24 mg/2
caused juvenile brook trout (Saivefinus fontinalis) to reach no more than 16 per
cent, 45 percent and 75 per cent of the weight of control fish and they attributed

- the effect to reduced feeding caused by Impaired visibllity of the food.

In the majority of reported cases, however, death rates i 100 mg/? and less
have been little or no higher than among gontrol fish In ciean water. Herbert and
Merkens (1961) found that ralnbow trout kept for long periods in 90 mg/® kaoiin
and diatomaceous ezrth suffered a slightly higher death rate than did the control
fish, but the mortality was low: in five out of six tests lasting for 2-6 months
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months expositre 16100 2nd 50 mg/-spruce ‘fibre or coal wathery waste solids
(Herbert and Richards, 1963), and no significant increase over control mortality

emong the same species in-30 mp/? kaolin or diatomaceous earth (Herbert and
Merkens, 1961}, '

Growth

The growth (and. survival) of larval lake herring (Coregonus artedif) were not
affected during exposure for 62 days to a concentration of red-clay of up to 28
mg/? (Swenson and Matson, 1976). Laboratory experiments, in which trout
were given equal quantities of food in amounts which were nearly enough to
satisfy their appetites, howed that 50 mg/2 wood fibre or coal washery waste
solids reduced their growth rate, and that they grew. more slowly as the sus-
pended-solids concentration was increased (Herbert and Richards, 1963).
Nevertheless the fish grew reasonably well in the presence of the sbundant

food supply; even in 200 mg/R coal washery waste solids, yearling fish more
than trebled their weight in 8 months. :

Resistance to disease

Herbert and Merkens (1961) found that rainbow trout in 270 mg/® distomaceous
earth suffered more from the distase fin-rot’ than controis in clean water.
Herbert and Richards (1963) report that many of the rainbow trout dying in
200 mg/R wood flbre suffered from fin-rot, and that fish in 100 mg/® showed

some symptoms after 8 months, aithough those in 50 mg/® and the controi fish
showed no sign of the disease,

1.3.2.8USPENDED SOLIDS AND REPRODUCTION

If solids settle from suspension and bilock gravel which contains eggs, high
mortaiities will resuit. Shapovaiov (1937) showed that siiting reduced the sur- -
vival of ralnbow trout eggs (Salmo gairdnerii) in gravel, and found the sarne
with silver salmon (Oncoritynchus kisufeh} eggs in later experiments {(Shapovalov
and Berrian, 1940). Hobbs (1937) states that the mortality of trout eggs in New
Zealand streams was greatest in those redds which contained the greatest propor-
tion of material smaller than 0.03 inch in diameter. According to Ward (1938)
who studied the Rogue River, Oregon, where piacer mining was extensively
practised, *. . . erosion silt in some streams has been found to cover nests and
spawning grounds with a bianket such that the bottom.fauna was kilied and
eggs also suffocated in nests.’ Campbell (1954) pianted eggs in gravel in the
Powder River, Oregon, where the turbidity was between 1000 and 2500 ppm
as a result of mining operations. All thie eggs died in 6 days, although there
was only 6 per cent mortality in 20 days at a control site where the water wag
ciean. Other instances of eggs being killed by siltation are given by Heg (1952,
Hertzog (1953), Gangmark and Broad (1955 and 1956), and Neave (1947).
, Stuart (1953) has shown that Atlantic sslmon (Safmo salar) and brown trout

‘almo trutta) eggs—which are biried in gravel ,i:,n the sireain beds—can d:ﬁ”\

~uccessfully only if a current of water passes through the gravel, while Gan
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and Bakkala (1960) found that the. survival of king salmon (Oncorhynchus
t1shawytscha) eggs increased with the  velocily .of water thiough the gravel In
which they were laid. Fish eggs require oxygen during development. Alderdice,
Wickett and Brett (1958) showed that chum salmon (Oncorliynchus keta) eggs
needed at least one part oxygen per milllon in the surrounding water at the early
i stages and 7 ppm at later stages il they were to hatch successfully, and Alderdice

and Wickett (1958) demonstrated that the utllization of oxygen by the eggs was
| impaired by increasing the carbon dioxide concentration. Wickett (1954) con-
' cluded that the amount of oxygen avallable to eges depends not only on Its con-
] centration in the water, but also upon the rate at which the waler flows over the

CEBS. : 1

The foregoing observations are relevant to the silting up of spawning beds
after the eggs.have been laid, but there is also evidence that some salmonids wili
not spawn in gravel which Is already biocked. Stuart (1953) found that brown
trout do not dig redds in gravel if it Is choked with sediment, nor will they do so
even if the surface has been cleared of sediment 5o that it appears indistinguish-
able from known spawning areas; presumably this is because the fish detects that

| water is not flowing through the gravel. Rather simllar behaviour was observed
ith cutthroat trout (Salmo clarkif); these fish abandon a redd if they encounter
| gilt while they are digging (Snyder, 1959). . :

WHere thi¢ harm'is done by biocking gravel spawning beds, the concentration
of solids suspended in the Water {5 apparently less important than the amount
which - will settie out-of suspension, This will depend upon such factors as the
size of the solid particies, the stream velocity and degree of turbulence. Some
rivers in British Columbia support large populations of Pacific saimon (Gncor-
hynchus) In spite of carrying heavy ioads of glacial silt. Spawning takes piace,
however, when the rainfall is heavy and silt Is fiushed out of the spawning beds
(Foskett, 1958). :

, Finely divided solids can be harmful to eggs which are not buried in spawning
beds. Stuart (t953) observed that silt in suspension will adhere to the surface of

i ~eggs and kili them—probably by preventing sufficient exchange of oxygen and
/ carbon dioxide between the respiring egg and the water. Suspended solids can
damage the eggs of specics which do not izy them on or in stream beds. The eggs

of the yellow perch (Perca flavescens), which are laid in gelatinous strings en-

twined round aquatic plants; etc., were mostly destroyed over an area where siit

from the construction of 2.road increased’ the turbidity to give an average

Secchi disc reading of 0.46 m, but hatching was reasonabiy successful above

the siited area where the average Secchi disc reading was 0:.84 m (Muncy,

h 1962), Pikeperch (Stizostedion lucfoperca) eggs are aiso-entwined around plants
- and have been kilied in Lake Balaton when the sspended soiids content of the
| water rises during storms (Wynirovich, 1959). On the other hand the survivai of
! eggs of walleye was not affected by wood fibre at 2 concentration of 250 mg/®,
? -even when the concentration of dissoived oxygeén was 33 per cent of the air
f saturation value (Kramer and Smith, 1966).

- 1.3.3 SUBLETHAL EFFECTS AND EFFECTS ON BEHAVIOUR

dullte higﬁ concentrations of suspended solids in part of = °r do not stop

_and sea water.

salmonid- fish from passing through on migration betweer
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' &dnmnga Robertson (1957) studled the survival and reproduction tate of Daphnia
magna in luspennom of several kinds of solids. Apparcntlylhannrul Tevels were:

-There are. Atlantlc nlmon In the River. SevemAn ﬂle Brithh Jsles and they are
netted in the estuary although parts of the estuary naturslly contain high con.
centrations of suspended solids—up to several thousand mg/® at times (Gibson,.
1933). Smith and-Saunders {1958), when studying the movements of brook

il Kaolinlte . 392 mg/R
trout between [resh and salt water, found that turbidity seemed to have no L _\/ Montmorflionite 102 mg/t 91-' b =3 '3
effect on the fish's movements. Ward (1938 sald thai the nobmal concentrations . w® Charcoal 2o B2mg/? 3

of suspended solids in several Oregon streams were *137-395 mgfR and that
salmon run through them. On the other hand, when given a cholce, some fish

Pond sedlment was not lethal up to 1458 mp/R, After belng washed with hydro-
will select ciear water. Thus, Sumner and Smith (1939) found that king salmon

chloric acid, montomorillonite, pond sediment and charcoal were more toxic.
avoided the muddy water of the Yuba River, California, and entered a clean Different kinds of solids thus appear to have different toxicitles, and Robertson

tributary. These fish also chose a clear streak in a muddy river for spawning ¥ nslders that this may be attributed, at least In part, to differences in absorp-
rather than more turbid sreas nearby, Schools of minnow advancing down a g ve capacity. Misch Jower concenirations (¢.g: 39 mg/2 kaolinite, 73 mg/® pond
clean tributary to a muddy river have been seen to turn back immediately thelf : iment) appeared to increase the reproductlon rate of Daphnia,
heads enter the water of the muddy stream (Moore, 1932). Although they are often important in lakes, small planktonlc Invertebrates
Bachmann (1958) found that when cutthroat trout in a river in 1daho were like Daphnia are a less important component of the fish-food fauna in rivers
subjected for two hours to a turbidity of .35 mg/? they were unharmed, but i than organisms whick live on thé stream bed or on plants. Benthic animais are
sought cover and stopped feeding. . at risk not only: from the solids In suspension, but from the accumulation of
Hofbauer (1963), when studying the factors Influericing the numbers of migrat- ] %. particies wluqh set'tle on the bottom. Many authors have reported more or less
ing fish passing through a fish ladder, considered that the tendenicy for the barbel O severe r{:dnc-tlons in bottom fauna from this cause. Thus; Taft and Shapovajov
(Barbus barbus) to migrate decreased with increasing turbldity of the water, even e {1935) studied the abundance of the fauna on the beds of Californlan streams

though other conditions such astemperature and water ievel would favour migra- | into which large quantities of natural silt were washed by mining operations. In
tion. The opposite tendency appeared to be the case with the Evropean eel samples taken during the summer there were always fewer food organlsms per
(Anguilla anguilla): migration occurred when .there was notable turbidity, and : unit area in the places where mining was practised than in clear streams. In the
migration intensity decreased immedlately the water became clearer, Ventilation : _Scott River, silted areas averaged about 300 organisms m™2 (36 ft=?), while in
rates of green sunfish (Lepomis cyanellus) were affected by concentratlons of : clean areas the average was about 2000 m™? (249 ft=?). Smith (1940) quotes

bentonite clay suspensions greater than about 17 800 mg/2 at 5 °C, 13300 mg/®

_earlier work by Surber and Smith which showed that silted areas tn the American
at 15 °C and 6700 mg/f at 25 °C, but rates of oxygen consumption were not

and Yuba Rivers of California contained only 41-63 pér cent as many food
affected by concentrations as hlgh as about 26 700 mg/2 (Horkel and Pearson, , organisms on the stream beds as did ciear streams, Tebo (1955) found that in
1976). However, Heimstra and Damkot (1969) found that turbld conditions P

1 North Carolina streams heavy siltation caused by dragging logs over the ground
reduced the activity and affected normal hierarchical behaviour of this specles. near a small tributary resulted in ‘turbidities of 26 1-390 mg/® in a trout stream,

Voo and during summer and autumn, when the flow of watér was low, the stream
I bed was covered with alayer of sterile sand and micaceousmaterial up to 254 mm

1.3.4 EFFECT ON FOOD SUPPLY . ¥ (10 inches) deep. In these areas the bottom fauna was only one-quarter as abun-

: N . Dk dant (as volume per unit area) as at clean plages above the point where the silt
The amount of food for fish in fresh waters depends ultimately upon the growth ; {, entered. Rainbow trout fed mainly on bottom fauna from January to June, but
of gieén plants (algae and higher aquatic: plants), Such plants may be restricted T from June to December this made up only 42 per cent of thelr food, much of
by suspended solids; for example, severe abrasive leal damage by coal dust to the A the remainder consisting of terrestrial insects. The bottom fauna (expressed as
aquatic moss (Eurhynchium ripariodus) was observed at 500 mg/2 after one week »

wet weight per unit area) in clean Cornlsh streams was found by Herbert et al.
- (1961) to be present at nine times the density occurring in streams containing

-1000 and 6000 mg/® suspended solids, although in.a stream with an average of
60 mg/? the bottom fauna was about equal in abundance to that in the clean
rivers, These authors found during their survey that although a substantial pro-
portion of the food eaten by trout {in May) consisted of bottom fauna, much of
the food consisted of- terrestial forms. Even a complete destruction of aquatic
invertebrates in these streams did not mean that no food was available for those
fish, but only that the total quantity was reduced. The effects on the food
supplies of other species might be more seripus. Gammon (1978) stidied a stream
- where, the concentration of suspended solids increased from a range of 13-52
. mg{! upstream of a ﬂmestone quarry to a range of 21-250 mg/f downstream,
% Althqugh the numbers of some invertebrate specles (of the Trichcorytholdes)

and at 100 mg/? after three weeks (Lewis, 1973). On the other hand, Hynes -
{1970) reported that a fairly even discharge, containing silt, can create great
stable areas of weed development which can completely alter the substratum
frectly and indirectly) and with it the animal popuiation, The considerable
terature on this indirect -effect on fisheries fs not donsldered in detail in this
hapter.

We have found few laboratory studies on the concentrations of suspended
solids which can be tolerated by invertebrate animals o which fish feed. Stephan - v-
{1953) worked with several Cladocera and Copepoda. The harmful effect of
suspended solids on these animals was thought to be partly due to clogging of 77,
 their filter-feeding apparatus and djgestiva organs, and the éritlcal concenttations -
weré 300-500 ‘mg/R. Clay was mtm hnrmful, whilé earth and sand caused less

-
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(the net—spmning specles of . Glmmarapsycke_) were -reduced during periodl of
high concentrations. Also the drift rate of macroinvertebrates from an impacted
riffle Increased with concentratlon of suspended solids, the increase belng 25 per

v cent with a concentration lncrease of 40 mgﬂz above norma.l and 90 per cent at

80 mg/% above normal..

Several more examples are given in nnpubhshed reports of investightions
made in France for adminlstrative purposes and. summarized fos us by{M ‘P
Vivier. Waste water from a sand-washing plant contained 29 900 mg/? suspended
solids, of which 19750 mg/f was settleable. When dlscharged to a trout stream .
in the Cdtes du Nord It caused the disappearance of the bottom fauna of Trich-
optera (Hydropsyche, Rhyacophiles), Ephemeroptera (Ecdyonurus), Crustacea
(Gammarus) and Mollusca (Ancplus, Limnea) which wete present upstream.

Four kilometres downstream, where the suspended-solids concentration had

fallen to 29 mg/%, the fauna reappeared except for the Epheméroptera. Plants
and fish-food fauna disappeared from another trout stream after introduction of
250 mg/® suspended solids from a quarry. Another small stream In the Vosges
contained 11300 mg/f sollds just below a granite crushing mill and washing
plant, and 185 mg/? 7 km downstream at its confluence with the R. Saéne, The
-normal fauna and flora were completely absent from the tributary below the
dlschnrge Coal mines brought the suspended solids In a river In the Gard Depart.

\/menl to 570 mgf? 1 km befow the. pits, and the river was virtually ablotle for

10 km. After this distance the suspended-solid concentration had fallen to about
100 mg/% and 4 sparse fauna reappeared.

Although the bottom fauna of streams may be drastically reduced by finely
divided solids which are chemically inert, deposlts of some kinds of brganic
solids—humiis from a sewage-disposal works for example—can support dense
populations of some bottom-dwelling invertebratss, suéh as Chironomus
riparius and Aselfus aquam:us which provide an abundant food supply for
fish (Allan, Herbest and A]abaster 1958).

135 Tl:lE TOTAL EFFECT OF SUSPENDED SOLDS ON FRESHWATER F{SHERIES

The earlier sections of this review have shown that sufficlently high concentra-
tions of suspended solids can kill fish directly, increase their susceptibility to
disease, reduce their rate of growth, modify thelr normal movements within
fresh water, reduce the aréa suitable for spawning, and kill developing eggs. In
addition, the quantity of natural food available to fish can be reduced, When a
freshwater fishery is harmed by excessive quantities of finely divided solid
matter, it Is likely that many of these factors will be operating, aithough the
relative Importance of each one will probably not be the same in gvery case.
Correiation of the status of fisherles in lakes and rivers with the concentrations
of solids found in them should therefore provide data very relevant for the
establishment of water. quality critera.

Ellis (1937) made 514 determinations of turbldxty at 202 places on rivers in
the US.A., and classified each site as elthef having or not having a pood mixed
fish fauna His results are summarized in Figure 1.1. Precis¢ conclusions cannot
b “-awn from thess data, because few meaturemants’ of turbidity were made

st sites and thesé’ might not' adequately represent the Ievels occurring inf
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Figure 1.1 Turbidity and freshwater fisherles In the U.S.A. Data from Elils {1 93 i {514’
a‘emmlnariam of turbidity were made at 202 river stations]

. . rivers where turbidity can fluctuate conslderably. Furthermore, a peor fish

population may not have been due to high turbldity In every case but to some
other factor such as low dissolved oxygen (see p. 3, para. 2). Nevertheless,
the- data of Ellis supgest that an increase In turbidity above quite low levels
will reduce the chances of maintaining a good fishery, although it should be
noticed that good lish populations were found at a few places where the waler
was véry muddy,

1t seems that some species of ﬂsh are much more tolerant of muddy waler
than others, and that an increase in suspended solids can lead to an Increase in
the numbers of the resistant fish as they are freed from competition with less
tolerant species. Altken (1936) said that lowa streams which once supported
trout, smalimouth black bass (Micropterus dolomeiuf), and other clean-water
species were transformed by excessive soil eroslon so that they contained rough
fish or mud-oving forms. Similar changes in parts of the Ohio river basin are
reported by Trautman (1933). Rather more detailed evldence of changes which
could eventually alter the species composition of a fishery is provided by an
investigation made by the Institute of Freshwater Research, Drottningholm,

Table 1.1 )
Seechi disc reading No. of nets No. of whitefish caught
{mm)} per net
. 100-200 . ) 11 0.6 L
.. 400-500 . 15- 1.0
L»1000 7 G w0 T 13
e o e o e ot
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which indicated that erosion turbldity in Lake Hotogeln, Sweden, was prdblbly
responsible for greatly reduced catches of char (Savelinus alpinus), although the -

catches of trout and European grayling (Thymallus thymallus) were not
appreciably affected. Table' 1.1 shows that the catch of -whitefish (Coregonus
lavaretus) in Lake Aisjaur, Sweden, was feduced by turbidity dué to mining
Wwastes consisting principally of quartz sand. The catches of perch (Perca fluvia-
tilis) and pike (Esox lucius) were, however, not affected (Vallin, personal com.
munication). Doan (1942) investigated the fishery statistics for Lake Erie where
the turbidities vary between 5°and 230 mg/f. The annua) commerclai catch of
‘yellow pickerel’, L.e., the walleye (Stizostedion v, vifréum), was Inversely corre-
lated to a statistically significant extent with the turbidities during Aprll and May
of the same year.On the other hand the catch of sauger (Stizostedion canadense)
was positively correlated with the turbidities prevalling three years earlier,
Whitefish (Coregonius sp) have suffered severely from suspended solids In
several Jakes, Many species of whitefish feed mainly on plankton, and typically
dwell in lakes where the water is clear and cold. Scheffel, quoted in Stephan
(1953), recaunts the history of the fishery in the Chiemsee, Upper Bavaria, where
suspended solids carried in by streams appear to have been responsible for a decline
in the whitefish catch to a few under-nourished fish in 1920, and to zero over
the period September 1920 to February i921. The number of spawning fish was
also severely reduced. Previously these fish had fed on zooplankton which was
presumably abundant enough for their needs, but the reduced population was
feeding on bottom-dwelling animals such as snails and chironomid Iarvae. Similar
observations were made by Einsele (1963) on the Mondsee in Austria. Some
large quantities of ‘clay entered this iake during the’ construction of a road In
1961-62, making the water very turbid. This reduced the deveiopment of plank-
ton, particuiarly Daphnia. Einsele estimated that the normal annual production
of Daphnia in the Mondsee was about 400000 kg fresh weight, and this feli to
80000 kg In the turbid conditions, The turbidity also ingreased the mortality
rate of the whitefizh, resulting jn a very low catch the following year.
Schnedeberger and Jewel (1928) studied ponds In the U.8.A. which naturally
contained different concentratlons of suspended solids; and found that the pro-
duction of fish increased as turbidity was reduced down to a value of 100 mg/L.

Buck (1956) studied the growth of fish in 39 farm ponds, having a wide tange of +
turbidities, which were cleared of fish and then rastocked with largemouth black . &
bass (Micropterus salmoides), bluegill (Lepomis macrochiriss) and red-ear sunfish

(Lepomis microlophus). After two growing seasons the ylelds of fish were:

Clear ponds (< 25 mg/® suspended solids) 161.5 kg/ha
Intermediate (25-100 mg/® suspended solids)  94.0 kg/ha
Muoddy (> 100 mg/R suspended solids)  29.3 kp/ha

The rate of reproduction was also reduced by turbldity. and the critical concen-
tration for all three specles appeared to be about-75-100 mg/%. In the szme
paper, Buck reports that largemouth black bass, crapples (Pomoxis) and channel

atfish (fctalurus punctarus) grew more siowly In & reservolr wheré the water
ﬁad an average turbidity of 130 mg/R than in another reservolr where the water

¥as always very ciear. S o
/‘j In rivers, Herbert et al. (1961) found that 1000 and 6000 mg/? china’clay
wastes had reduced the populations of brown trout to about one-seventh the

i \/_ taining 19-23.mg/? sollds, and that this was not harmed by dredging operations -
" which raised the concentration to about 160 mg/® for short periods, except that

°’ p ) ) s ...
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& normal trout population was present .-

density found in clean streams, but that

-dn 2 river- carrying- 60 mig/?, There jt much additional evidence in the unpub. '

lished reports from France communicated to us by P. Vivier. In a river in the

ard Department of France which supports a cyprinid fish fauna, fish are
absent from a stretch which contains up to 570 mg/t solids from coal mines,
but a few roach and chub’ reappear 10 km below the mines where the
suspended 4olids concentration has. fallen to aboyt' 100 mg/R, Trout, minnow

-and bullhead which populate the upper reaches‘of s stream In the Vosges, '

disappear completely below the entry of wash waters from a granite-crushing-
mill which raises the suspended-soiids content to 11300 mg/? immediately .
below the discharge, The fish do not reappear until the confluence of the
stream with the R. Sadne: just above the confluence 185 mg/® suspended sollds
are present. Trout and dace were present in a stream in the Finistére Department
of France above the entry of wash water from a tin mine, but. the only fish in’
the polluted zone were eels, When the suspended solids were determined in this
stream during a flood, 560 mg/R were present 500 m below the discharge; and-
80 mg/? 4 km below. A rich fauna of Ephemeroptera, Trichoplera, Crustacea,
Molluses and worms almost completely disappeared below the discharge. How-
evet, in mountain streams fed by meiting snow, some 1000 mg/? suspended solids.
are often present for three to five months of the year and trout are found there,
although not in large numbers. In the R. Loirelva (Norway), which is rather
muddy with an average concentration of about 50 mg/% suspended sollds but
with occastonal concentrations up to 1331 mg/%, pike, perch, pikeperch and.
several specles of cyprinids are common. A very similar fish faviiz is found In,
another muddy Norwegian stream, the Nitelva, in which the concentration
range js 5.9-99.8 with an’ average of about 25 mg/, and in the R. Leira where:
the median and 95 percentile values were 58 and 250 mp/® (M. Grande, personal
communication). In the R. Trent catchment (UK.) the maximum annual 50 and
95 percentile concentrations of suspended solids during the period 1968 to
1972 in areas where fish occurred were 18 and 412 mig/ respectively for. trout,
and 62 and 965" respectively for coarse fish (J. S. Alabaster and ). C. Hart, per-
songl communication). D. W, M. Herbert (personal communication) installed 2’
suspended-solids recorder for a year in the R. Mimram, Hertfordshire, where:
, and found that the average suspended-sofids’

*"" doncentration was 24 mp/? with maximum values of 80-100 mg/? occurring at

times. Liepolt (1961) reports that & trouf fishéry existed in 4 stream usually con:

fly-fishing was impeded when the water was turbid, Peters {1957) studied a trout
stream containing suspended solids of agricultural origin and found good popula-

. tions at one station where the median gnd 95 percentlle values were 18 and 35
' mg/%, slightly reduced numbers where the percentiles were 70 and 180 mg/¢-
. respectively, and.a 75 per cent reduction where they were 160 and 300 mg/2

respectively. More recently Gammon (1970) found that in a stream in which the

: . concentration of suspended sollds increased from a range of 13-52 mpfR upstream
- of a limestone quarry, to a range of 21-250 mg/2 below it, most fish, including

emmon carp, were reduced in numbers downstream,
.. Herbert and Richards (1963) report the results of a questionnaire sent to

},l.iv.er; Boards. in England, Scotland and Wales, Streams containing sugpended
WuﬂS'Of mdll!tﬂﬂ] oHrin ware rlaceiflad as atthne Db oo . v ~r -
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on not adversely. affectad” or ‘Fish absent or markedly reduced in abundance’.
-are was taken that no data wete included If there was réascn £ fupposé that a
-7 rivér was polluted with materials other-than Inért suspendéd solids. These data
! are shown in Flgure 1.2, together with the information summarized on p- 12,
para, 5, Some of the concentrations shown in the figure are means or ranges of a
large number of determinations made over a considerabie perlod, whereas some
of the others are based on 2 single observation whidh may not properly represent
the concentrations normally to be found in that stream, However, In spite of this
limitation, t may be concluded that nearly all the rivers {or parts of rivers) in
which the fisheries were apparently unharmed carried distinctly lower concentra-
tions of suspended solids than those in which the fisheries were elther seriously
damaged or destroyed. The concentrations in the two categories overlap to some

extent and there is not a clearly defined concentration which separates them,

but the critical concentration appears to be in the approximate range 100-300
mg/2,
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1.4 Tentative water quality criteria for finely divided solid matter

Water quality ctlteria for suspended solids are needed by those who have to
manage inland fisheries and must sometimes decide, for example, how much solid
matter could enter a river or lake without undue risk toa fishery, or whether i1
is worth attempting to develop a commercial or recréational fishery in water
already containing a known concentration of such materiais. The criteria shouid
therefore be presented in terms of the effect ona fishery which a given concen-
tration of solids is likely to produce.
~ There is evidence that not all species of fish are equally susceptible to sus-
pended solids, and that not all kinds of solids are equally harmful {p. 5, para. 3).
. Unfortunately- there is very little information on these and many other aspecls
b of thie problem, and, as was stated on p. 3, para. 3, much of the evidence which
@ exists is Jess firmly established than is desirable. The. conclusion is that no pro-
Pposals can be put forward for definite water quality criteria which distinguish
“t - between the many different kinds of finely divided solids to which different.
i+ - sorts of inland fisheries may be -subjected. Nevertheless, when the evidence 1s
"g;' considered as a whole, certain general conclusions can be drawn and some tenta-
3% tlve criteria can be based upon.them. These are summarized in fthe following
%  paragraphs, and then are, put forward as a basis for discussion and to provide
- some useful guidance, but it must be emphasized that they are provisional and
.- may weli have to be revised when more information becomes available,
= The spawning grounds of trout and salmon are very vuinerable to finely
‘gl divided sollds, and quite a small turbidity in the water or deposition of solids
on of in the graveli may ¢ause spawning fish to avoid them or prevent successfui
development. of their eggs after they are -laid (Skction 1.3.2). Thit may be
especially important where & salmon popuiation is restricted by lack of suitabie
spawning areas. -
. Except for possible effects on spawning behaviour and egg development and
@ special case of freshiy precipitated iron hydroxide (p. 5, para, 4), there is
2110. evidence that average concentrations less than 25 mg/2 have done any harm
o fish or fisheries, and there are known t6-be good fisher” ' tivers usually
ontaining about 25 ing/e suspended sollds (p. 12, para.5). . ..

100
T

100

L ]
Suspended solids imean ar range) (mg/¥)

Coal mining ond woshing

China -~ clay mining
Grunite crushiné
Tin minin.g
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' FTgt;r! 1.2 Reported status of freshwater fisheries related to the suspended solids content of the water
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2 Cnncmlml'bm shove: 25 .mg/2 have reduced the yield of fish from ponds

' have ‘reduced the growth rate of trout under laboratory conditions (p. 8, pana.
= 2); 82 mg/R charcoal have killed Daphnia (p. 8, para. 5)..0n the other hand, 85
mg/R is the lowest concentration reported for s stretch of stréam containing few
or no fish where other factors are satisfactory, and there are many other streams
with only slightly lower concentrations where the fishery is not notlceably
harmed (p. 12, para. 5 and Figure 1.2). In Iaboratory tests the Jowest concentra-
tion known td have reduced the expectation of life of fish is 90 mg/f (p. 5, parz.
4), and the lowest concentration known to have increased susceptibility to dis-
 ease is 100 mg/k (p. 6, para, 3). '

Some satisfactory fisheries are reported for waters containing 100400 mg/?
suspended solids, but fish are few in number, or absent, in other waters within
this range (p..13, para. 2 and Figure 1.2, Similar concentrations of saveral kinds
of solids have' also increased susceptibility to disease (p. 6, para. 3), increased
mortality rates (p. 4, para. 3), and reduced growth rates (p. 6, para. 2 and
P 12, para. 3). Daphnia has been killed by severa} solids in concentrations within
this range (p..8, para. 5) and, in all the studies eonsidered, the abundance of the
invertebrate fauna of stream beds has been drastically reduced (pp. 9, 10).

~ There is no good evidence that plentiful and varied fish faunas exist in waters .
normally carrying suspended solids in excess of 400 mg/2 aithough there are
streams-which carry even 6000 mg/? in which there are very sparse populations
of trout (p. i2. para. 5 and Figure 1.2). There may be some tolerant species
of fish whicht can provide good fisheries in very muddy waters, but there Is no
evidence of such fisherles in Europe. An exception Is that salmon are netted as
they pass thrdugh muddy reaches when migrating (p. 7, para. 5). )

Many kinds of solids can be present for short periods (possibiy up to a few
dzzf{m in concentrations of at least several thousand mg/? and probabiy much

higher without killing fish, but may damage-their gills. This might affect their
bsequent survival.

probably no gharply defined concentration of a solid above which fisheries are
damaged .and below which they are -quite unharmed; The impression is rather
that any increase in the normally prevailing concentration of susperided matter
above quite & low fevel may cause some décline in the status and value of a
freshwater fishery, and that the risk of damage increases with the concentration. »
However, there is not nearly enough evidence to allow the relation bétween solids
concentration and risk of damage to be defined at all precisely, and the best that
can be done at present towards the establishment of water quality criteria for
this class of substance Is to divide the degree of risk to fisheries into four arbi-
trarily defined categories and attempt to make rough estimates of the ranges of
! concentration to which they would generally correspond.
! From this approach to the problem the following tentative criteria are pre-
. sented. With respect to chemically inest sollds and to waters which are otherwise
' satisfactory for the maintenance of freshwater fisheries::

[ f

! / The 'brief} résumé of the evidence on. Pp:-15, 16 Indicates: that thera Is.iv.

-

(p- 12, para. 4); 35 mg/f have reduced feeding intensity (p.8,pam.2); 50 mgft -

(2) There Is no evidence that concentrations of suspended solids less than.

25 mg/R have any harmful effects on fisheries, - i

it Dretr ; [
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2. (®). It should usually be possible to maintain

& pweds -

- grounds of salmon and trout require special consideration

-, Bur. Fish, 22, 365-437
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- Flinely divided solids {1

good or moderate iisheries in
waters which normally contein 25-80 mg/R suspended solids. Other factors
being equal, however, the yield of fish from such waters might be some-
what lower than from those in category (a).

(¢)  Waters normally containing 80-400 mg/? suspended solids are unlikely to
support good freshwater fisherles, although fisheries may sometimes be

- found at the lower concentrations within this range,
(d) At the best, only poor fisherles are likely to be. found in waters which

normally contain more than 400 mg/® suspended solids,

In addition, although several thou
several hours or days ‘exposure, such
prevented in rivers where good fishe

sand mg/? soiids may not kilf fish during
temporary high concentrations shouid be
ries are to be maintained. The spawning

and should be kept as
free as possibie from finely divided sollds. :

These tentative criteria apply only to chemlcally Inert solids and to waters
which are otherwize

satisfactory for the maintenance of freshwater fisheries,
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Foreword

The preparation of the original report on extreme pH values and infand fisheries
Was sccomplished largely by Mr R, Lloyd who prepared the basic manuscript to
be reviewed and supplemented by other members of the Working Party on Witer
Quality Criterta for European Freshwater Fish as well as a few experts from
outslde the region, notably Dr P. Doudoroff » Dr W. A, Spoor,and Dr A. Coche.

Subsequently there has been an upsurge of research on the effects'of low pH
values on fish in connection with three main areas where acid pollution s
becoming increasingly recognized as a problem, These areas are:

(a) - Lakes and rivers of Central Europe, Southem Scandinavia, and the US.A.,
(the Adirondacks), where acid rainfall |s reducing the pH value of the

- poorly.buffered water draining from granite bedtock,
(b) The Appalachian mountain region of the US.A. where extensive strip
mining for coal has ied to increased acid run-off from the exposed rock.
(c) Areas in the vicinity of smelters,. particuiariy in Canada, where again aeld

rainfall is responsibie for reduced pH values in lakes downwind of the
chimneys. - . .

Except for the first area, the increasing acidity of the recipient water is accom-

or by atmospheric deposition, which may reach concentrations which are them-

selves harmful to fish populations. Even In Scandinavia, there Is evidence that

eluminium salts are leached out by acid rainfall. In response to these problems,
- & considerable number of field and laboratory studies have been carried out

using refined techniques.

" Mich of the recent literature arising fiom these studies, especlally those on
4: " acid ralnfall, have been reviewed by Schofield (1976), Hendrey et al, (1976) and
g4 Leivestad et al, (1976); also Wrlght (1975) has published an annotated biblio-
i€ graphy. In general, the extra data provided by the studies supports the guldelines

. 12id out in the original report. Thereforé, no attempt is made to review all the
recent literature, and only a selection of papere which contrlbute new informa-
tion 1s Included, . v - o -

oy

. R
fem' g e L PR
L U T I -
b A TA I TR o {}5 e R v
j ‘f'i-':.'-d'g"q",""u.'-' Ble b Moo Moot aein e b 4

SR T o R .t LI

eyl oo

panied by an increasé In the concentration of heavy metais either from leaching



i v

2

i

B ';'.0'1::,.\; LRI T
a5 el s s

fisheries, the acidity or’

“alkalinity of the water is an important factor to be.considered. There is 2 normal

range of pH vaiues for waters which support a good fishery. A critical review has
been made, therefore, of published and unpublished data on both the direct and
Indirect effects of extreme pH values on fish, with an emphasls on Eusopean
specles; from this review it is clear that the existing data are not sufficlently
comprehensive to enable definite pH criteria to be established for each Important
fish species and for different environmental conditions, but it is thought that
sulficient is known for the following general concluslons to be reached.

There is no definite pH.range within which a-fishery is unharmed and outsidey
which it is-damaged, but:rather: ther¢'is 4 gfadual deterforatiod as thé'pH valiics
ate firthei removed.fiom, the normal rangé. The

H rangé whichis fiot directly;

o " Jletha) to fish ls"_S.s9;'-hd;y_ever.--th;:::.tqii'ic'l.tf/',..Of,féevera_l‘.'c':qmi!loﬁ'I’P}'Pfa.'.‘}i-iF '

n _ markedly affected by. pH chaiges "within -this: fangejian iperedsing akidity of,
alkalinity - may. make-.these : polséns~morexio ac drAlso,’ an,acld} dischatgemay:

ilberate"'sufﬁbleﬁt:barbon"dloxlde~'j'r0m_-.,blcarbiiliﬁge., incthezwaler élthiér to be: |

¥

directly toxic, or to cause the pH range 526 1o bécdme léthal.

Below a pH value of 5.0, fish mortalities may be expected, although some
specles may be acclimated to values as low as 3.7, However, the productivity,of
the aquatic ecosystem is conslderably reduced below a pH value of 5.0, so that
the yleld from a fishery would also become Jess. Some acid waters may contain
precipitated ferric hydroxide which may also act as a lethal factor,

Relativelylittle Is known of the effects of alkallne discharges on a fishery and
this may reflect the tesser importance of the problem. Laboratory data show
that pH values between 9 and-i0 may be harmfu) to a few species of fish, and
above i0lethal to the remainder, However, where hf_gh pH values are caused by the
vigorous photosynthetic actlvity of aquatic plants; accompanying high tempera-
tures and supersaturation of ‘dissolved gases (together with other factors) may
also contribute to- a greater or lesser extent to fish mortality, making it difficult
to correlate mortality with laboratory data on pH value alone.

There are Insufficient data to enable even general criteria to be made for
other aspects of thls problem, such as the avoldance by fish of zones of extreme

pH value, or on the growth of fish or their resistance to disease. Résearch needs
are indicated in this chapter. ;

2.2 Introduction

1) ' 5
Because the pH values of a river or lake water can be readily. measured in the
field with some accuracy, a considerable number of such méasurements iiave
been made and the resuits.used in the description of the general character of the

i7" water. in ar_American-survey.of #09 JocailonsyEllis (1937).found, that the .pH

rage of ghage_ﬁ?agiitng %ﬁf"z !gh,pgpﬁlgtlhﬁi.wékigﬁigﬂ}wﬁh*thé‘inijéﬂty
of’ watet-courses “béing within ‘the tange ‘6.7¢8i6 This range of natural pH

viluies can be extended beyond the iower limit by th direct discharge of acid
L. gvf‘f_}}tents or, as a secondary effect, following the flushing of peat bogs by
T

eavy, rainfall; or from mine drainage. Rivers and lakes may be. made more
3% by either the direct discharge of wastes or as a secondary effect of
as photosynthetic activity by aquatic plants..;. . i - -
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/(1951), Jonéi (1964), aiid McKes and Woolf (1963). In-estibliihing the 'water

.A%J:ﬂ%hudﬁﬁﬁﬂ
‘prodiietivibygtl itz j iy .
becoime widely. quoted and HE f0E HifgeiBI 820 Hat bodn asctpted snaaapied.
However, it is:not at all certain whether, in field ' '

surveys of acld waters, the
absence of fish or the presence of a reduced population were caused by the con-

centration of hydrogen-ons present or by some associated factor such as a lack
of chemical nutrients or presence of heavy metals, which may not have been
measured. In the same way, fish kills observed in alkaline waters may have been
assoclated with factors other than the concentration of hydroxyl-lons,

1t is becoming increasingly clear that.no single water quality criterion can be
given for a given pollutant irrespective of other environmental varlables or
factors. Differences in the chemical constituents of the water, and in the sen-
sitivity of various species of fish, may all modify the potential hazard of any
given concentration of poison, The purpose of this review is to examine the
existing literature on the effect of extreme pH values on fish to see what criteria
can be put forward and where Turther research Is necessary. Only the direct or
indirect effects of hydrogen and hydroxyl-lons on fish have been reviewed:
reference to the ef fects of those aclds such as acetle, benzoic, chromlc, or tannic
aclds, where the anlon may be toxic, or alkalis, such as ammonia, where the
undissociated molecule is toxic, have not been included, An exception to this
has to be made In the case of waters where the low pH vaiue is assoclated with
the presence of humic acids derived from peat; In general, however, the toxicity
of such solutions is not dlssimilar to thase in which the low pH value has been
caused by addition of mineral acids and for the purposes of this review it will be
assumed that humic acids have-a fow anionic toxicity, -

Prime consideration has been piven to literature dealing with specles of fish
found in Europe, although references to other specles are glven if they throw
additional light on the particular ltem under discussion, It is thought that most,
if not all, of the important published papers on this subject, where reievant to
European waters, have been considered in the preparation of this review, Some
references have been excluded where the data were Incomplete, such as those
referring to field observation of mortaiities where the pH value of the water.is
measured some time after the fish were killed. It may also be noted that methods
of pH measurement have progressed significantly within the Jast three decades.

2

T
]
3

F

* 2.3 Literature survey on effects of acld pH values

2.3.1 LABORATORY DATA ON DIRECT LETHAL ACTION

Variables affecting the lethal levels

I

¢;m'centran’on of free carbon dioxide The discharge of actd wastes into a

Water containing bicarbonate alkalinity will result in. the formation of free car-
bon dioxide. If the water is hard, sufficient free carbon dioxide may be liberated
£ _bb toxic to fish, even though the pH value does not fall to a '« ormally
tonsidered to be lethal (Doudorqf£‘ and Katz, 1950). In well n::ra. Aiters the

A% W

'/ﬁmnq,.cmem.rpnpﬂ .mue..qg_zquco (1955) 'pdlmiiifgﬁtmmlm'anmy
valyes pl4210 stherxa b fingstvagSs .ﬁ UL UELLS .
%h&uﬁﬂ%&&%%ﬁ%%ﬁ&s ATHestsdlErn ke,

B life have beeii made by Doudoroff and Katz (1950), Vivier (19 4), Marchetti .
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toxic levels of free carbon dioxide are usually above 1 OO'm‘FIE- for ralnbow trout

(Salmo gairdneri) (Alsbaster, Herbert and Hemens, 1957)-However, Lloyd and
. Jordan (1964) found that much lower levels can’ considerably reduce the sur-
vival times of fish within a range of low pH values which would not otherwise be
lethal. In water containing 10 mg/R fres carbon dioxide or less, the median lethal
pH value for fingerling ralnbow trout was 4.5 after 15 days” exposure, but where
the water contained more than 20 mg/R free carbon dioxide, the median jethal
pH value rose to 3.7; this increased toxicity was apparent only after-a day's
exposure to the test conditions, It Is, therefore, difficuit tp Interpret some pub.
lished data where the levei of free carbon dioxide In the test conditions s either
not given or cannot be calculated, '

Toral hardness, sodium and chloride 1t has been shown that although survival
times of rainbow trout in rapidly lethal pH values become shorter with a decrease
in the calcium content of the water, the median lethal feveis after 4 days' expo-
sure are 4.18,4.22, and 4.25 for water of total hardness of 320,40, and 12 mg/f
as CaCO; respectively (Lloyd and Jordan, 1964). Recent data have shown that
at lower concentrations of calcium the toxicity of acld pH values to fish {s in-
creased, Bua and Snekvik (1972) showed that for several specles of fish, the
hatching success at a given pH value 'was Increased with an increase In calclum
concentration; also, for brook trout fry (Salvelinus Jontinalis) at pH 4.0, the
percentage survival after 7 days was 0, 10 and 67 at calcium concentrations of
0.2, 1.0 and 2.0 mg Ca/R respectively (C. L. Schofield, personal communication),
Recent data show that the toxic effect of acid pH value Is-enhanced at jow con-

centrations of sodium and chloride; these results are summarized on p. 30,
para. 4 and 6. ]

Size and age of fish In tests using bluegill sunfish (Lepomis macrochirus) of
different size groups, Cairns and Scheler (1958) found that the median iethal pH
values for four days exposure were 3.6, 3.6, and 3.5 for fish with mean lengths
of 3.9, 6.7, and 14.2 cm respectively. Lloyd and Jordan (1954) found no correla-
tion between sensitivity and the size of ralnbow trout of apy one age group, but
a positive correlation existed between age and sensitlvity; 16-month old fish
survived more than three times as long as those four months old, although the
increase In resistance, in.terms of lethal pH vaiue for these two age proups, was
only 0.3 of a pH unit.’ . e
There is increasing evidence that the young stages of the life cycle are more-
sensitlve than the adult fish. The viability of roach (Rutilus rutilus) and perch
(Perca fluviatilis) ‘eggs kept in natural lake waters with a range of acldities was
" reduced below pH values of 5.5 and 4.7 respectively (Milbrink and Johansson,
" 1975) (cf. p. 26, para. 3; p, 27); these authors refer to similar work with pike
(Esox lucius) which gave a corresponding value of 5.0 (ef. p. 27, para, 3}, Kwain
(1975) found that no rainbow trout eggs survived at pH values of less than 4.5,
but that there was a reasonable survival zbove pH 5.0; yearling rainbow trout
were more resistant to acld pH values than were fingerlings. Menendez (1976)

o e e

%, ' - foundreduced viability of eggs of braok trout at pH valuesbelow 5.1, with alevin
Weib o miortalities occirring below 6.0; however adult mortalities only occurred below .
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‘ } ance to these conditions

%y;.2nd for sea trout and brown trout (Salmo trutta),
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tahge. Lloyd and Jordan (1964) found no difference bétwsen the sutcepti-

i ;oundc sl yarlod an ¢ fidh fpecies could vilih:
1§‘hnd rpid trifisfér bettesh waiérs 6f widely different pH vallics within the ior-~

 bility of batches of zainbow trout scelimated to pH values of 8.40, 7.50, and

% 635 when they were exposed to lethal acid solutions
; found that short-term (2-24 h) a¢climation to low no
* range 4-6 did not significantly increase the survival times of brook trout in
. acutely lethal acid ‘solutions, thus confirming earller work, However, Trojnar

(1977) ralsed brook trout in waters of pH values 4.65, 4,97 and B.07 in which
# survival to hatching was 76.4, 84.2 and 91.1 per cent respectively dnd, when the

fry raised for 78 days at pH values of 4.65,5.64 and 8.07 were exposed to a pH

value of 4.0, 76 per cent of those ralsed in acld waters survived, whereas all those
raised in atkaline waters died. This is in agreement w

ence in stocking acld lakes with non-acclimated year
personal communication). Although acclimation P
range may, therefore, be discounted when comp
[ tests, It would be incorrect to assume on this evidence that fish might not be

able to acclimate or acclimatize slowly to a progressive
. value of the water towards that normally considered to be iethal,
" There is some evidence that strains of salmonid species may differ in thelr
. resistance to low pH values. Gjvedrem (1976) collected 77 different strains of
i brown trout from acid waters in Norway, bred thém, and found a considerable
- variation between the resistance of the eggs and alEvins to pH values of 4.7 and
5.2, Similar studies with inbred strains of brook trout {Robinson er al., 1976)
“also demonstrated the possibllity of Inherited acifl tolerance even among fish
- which had not been seiected from acid waters. (Therefore, some acciimiation
“to low pH values may occur in the juvenile stagds of fish, and there may be
. some selection in acid-polluted waters for strains which have an inherited resist.

: [

ndethal pH values in the

hrmin g e s

H values within the normal

g

Time of year  Sexually mature brook trout were mbst sensitive to acld pH values
in the summer (Dively et al., 1977) although data|obtained by Robinson er al.

(1976) and Falk and Dunson (1977) showed the opllaoslle to be true for immature
brook trout, |

Other factors There, are no reliable data for the gffect of low dissolved oxygen
concentration on lethal acid pH values. Kwain (1975) found that rainbow trout

embryos were more sensitlve to sulphuric acld at 5/°C than at 10 °C, the median
lethal pH values being 5.52 and 4.75 respectively. |

Summary of toxicity date :

¥ N - . l

Salmonids  Bishal (1960) found that for young Aglanuc salmon (Salrmo ‘salar),
th

lethal pH value was 5.8-62
in 2.day teats, but since the water was acidified withlfree carbon dloxide, it is not
Clear whether dissolved ‘carbon dloxide or hydl;og'e‘gn-lon' concentration was the

spdalei s kA

o

- Falk and Dunson (1977) -
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main toxlc. agént:*Dahl (1927); usifg waiér acidified with-geat; found that 80
.per cent of trout inthe yolkac stagé died within 20 days at pH valuex'nf4.7-5 4,

and 10 per cent dled in the range 5:125.7, Salmon in the yolk sac stage held in

dilutions of peaty waters were found to have a'median lethal pH value of 4.5 at
12 days; also, yearling brown trout taken from a soft acid river (pH .5.85) dled
‘within 12-14 h at a pH value of 3.3 and survived a pH value of 4.1 for T days
(M. Grande, personal communication). Lloyd and Jordan (1964), using hydro-
chlote acld, found that in water of low carbon dioxide content; the median
lethal pH for a 15-day exposure was 4.5 for fingerling rainbow trout. This sug-
gestz-that the brown trout were more resistant than rainbow trout and, even
allowing for the larger size, there Is a-possibility that these fish were acclimated
to some extent to the acld environment. Carter (1964), using a continuous-flow
apparatus and acldifying 50 per cent sea water with either hydrochloric or sul-
phuric acid, and without subsequent aeratlon, found that the-median periods of
survival of fingerling brown trout at pH values of 4.5 and 4.6 were 61 and 42 h
respectively; however, it is possible that more than 20 mg/ free carbon dioxide
was present under these test conditions, and, if so, the results would agree with
those of Lloyd and Jordan (1964) for rainbow trout, . :

M. Grande (personal communication) found thal the hatching success of
salmon eggs in a water acidified with sulphuric acid to give a gH value of 4.59
was 96 per cent compared with only 48 per cent at a pH value of 4.34; moredver,
only 50 per cent of eyed-ova of brown trout hatched in a solution acidified with
peaty water to give 2 pH value of 4,77, No mortalities were obsérved among

trout eggs or alevins (species not given) exposed to water acidified with hydro- -

chloric acld in which pH vaiues fluctvated between 4 and 5 (Krishna, 1953)
whereas mortalities occurred beiow a pH vaiue of 4, but neither the, duration of

the experiment, nor the concentration of free carbon dioxide, are given.

Other species Using a soft water acidified with nitric acid, Carpenter (i927)
found that the survival time of minnow (Phoxinus phoxinus) was 28 h at pH
5.0, whereas a pH value of 5.2 had no effect in three days, Under similar condi-
tions, but using hydrochloric acid, stickleback (Gasterosteus aculeatus) survived
for about 5% days at pH 4.8 and lived for as long as the control fish (JO days) at

pH 5.0 (Jones, 1939). However, the mortality of control fish detracts-from these

results, and the true Jethal limit of pH value may be siightiy iower, .

Although roach were found to have shorter survival times than rainbow trout
in solutions with pH values between 3.0 and 4.1 (Lleyd and Jordan, 1964), the
8.day median lethal pH value was 4.2 for both specles, Ellis (1937) found that
the 96-hour median lethal pH value for goldfish (Carassius auratus) in a hard
water acidifled with suiphuric acld was 4.0, compared with 4.3 in a soft water

and 4.5 for hydrochloric acid in a hard water; it is doubtful whether the dif- |
ferences between these values are of any significance and furthermore the con- -

centration of free carbon dioxjde cannot be calcuiated. A pH vaiue of 4.5, using
suiphuric acld, was said to be detrimental to goldfish over a period of two weeks.
Lewis and Peters (1956) found that 35-mm common carp (Cyprinus carpio)
were killed within 4 h at a pH value of 4.9, but the ievel of dissolved: oxygen was
fow (2.4 mg/f) and the experimental technique almost certainly led to,a high
level of free carbon dioxide and freshly precipitated ferric hydroxide. Briuchanova

x v

4 = "~lagy carp (Curasshus carasthis) iyt s

0) _showed. that® the. resistance of the various developmenta
mynr bt E i, e L

Jodin X 6‘

(1937) reports a threshold pH valié of 5.0 f carp compared with 4.0 for the
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stages of burbot (Lota bota) embryos io iEfT%ﬁ%ﬁﬂéd,-ihd mccensful develop.
ment could take place only within a narrow pH ringe, The mpst sensitive stage
was that of émbiyo segmentation at which a pH valué of GE was the critical
lower level, but during subsequent development the critical ievel jowered to 5.0,

Lol

- Dyk and Lucky (1956) found that the period of motility of carp sperm was

reduced in water acidified with peat to a pH value of 6.5 Elster and Mann (1950)

demonstrated a decreased motility of carp sperm at pH 4.5, and Jower pH values
were lethal to them. oo

2.3.2 FIELD OBSERVATIONS

Natural populations Natural populations of. brown trout have been found in
waters of pH value as low as 4.5 (Menzies, 1927) and 4.9 (Campbell, 1961),
Creaser (1930) reported that the brook. trout was found in waters with a pH
value of 4.1, Results of a survey of fish populations (mainly brown trout) in
1679 iakes in Norway have been summarized by Leivestad et al. (1976): few
fishless lakes are found with a pH value above 5.5, although a few lakes within
the range 4.5-4.7 contain good fisheries. In acld rivers, salmon are reported to
be the first-specles to disappear, with sea-trout and brown Irout showing higher
resistance, In lakes, perch and eel (Anguille-anguilla) appear tobe the most resist-
ant species. Similar phased reductions in fish ‘species have been found by Beamish
(1974) In acid-polluted lakes in Ontario, Where lake trout (Salvelinus namaycusir)
and small-mouth bass (Micropterus dolomieuf) are the most sensitive and yellow
perch (Perca flavescens) the most resistant, aithough the presence-of heavy metals
may contribute to these findings. From a survey of acld lakes in Sweden, Almer
et al. (1974) concluded that the reproduction of roach was affected at pH
values below 5.5; the associated calcium and conductivity data are not quoted.
Surveys of acid Norwegian iakes have confirmed that where low concentrations
of calcium are present, seil-sustaining brown trout popuiations are iess likely to
be present than in similar acid lakes with higher calcium concentrations (Wrlght
and Snekvik, 1978).

Vallin (1953) reports that in L. Biamisus (northern Sweden) the water has a
pH value of 2,8-3.1 and an iron content of 6-7 mg Fe/% in the surface waters;
the flora arid fauna are poorand no fish have been reported there, The water from
this lake flows into L. Sladen- which has a pH value of 3.7-3.8, an iron content
of 03-12 mg Fe/, and a slightly more abundant flora and fauna including

_toach, perch and pike together with bream (4 bramis brama) during the breeding

season. However, in the spring, the pH falls to 3.5-3.7 and some local fish kills
of roach have been observed. 1t s evident that these roach can survive at lower
pH values than those found to be lethal in laboratory experiments (p. 25, para.
5) and it is possible that some long-term acclimation has taken place. In L.
Sysmajarvi (Finland) Ryhanen {(1961) reperted that, during summer, the pH
value ranged from 3.5 at the outlet of an acid stream to.4.6, with a iarge zone
which had a pH vaiue of 4.2-4.4, Bream, perch, roach and pike were present,
but only pike were able to breed in the large zone where the pH vaiues were
between 42 and 4.4, No under-yearlings of bream, perch or roach were present
and the oider fish presumabiy migrated from the more alkaline streams feeding

- , the lake. Dyk (1940) states that tench (Tinca finca) can be kept for two weeks

In a water of pH 3.6-3.8 without adverse effect, although these yalues adversely
affect carp. FoIouL ac fricie Bl bt _ :
s, Although there are several fieid studies published on the t

T,
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A:ﬁerican waters poiluted. bystrlp-mlning '.'ai:évities, the. results are dlmculj ti.'.ii
ingerpret since high hydrogen-loi concentrations are.associated with high héavi

‘metal content. A comprehenzive survey of six lakes with pH ranges belween 2.5<

-and 0.8 mg Zn/R and 82 and 4.7 mg Fe/Q respectively. - '

3.2 and 7.4-8.2 has been made by Smith and Frey (1971). The-two most-acid

lakes (pH ranges of surface-water-of-2.5+3:2 and 3.0:3.4" tespectively) ‘were ™

fishless but green sunfish (Lepomis cyanellus).only were caught in-a like with &

surface pH range of 4.5-7.6, However; the:two most acid lakes conta

ed 29 -

surface pH range of 3.6-6.4: five species of fish were present In -a-hkﬂ"\vilh-i d

A survey of the acld iakes in the vicinity of Sudbury, Ontarlo, has been made
by Beamish (i976); some sensitive species of fish declined in numbers as the pH
fell below 6.0, but increasing acldity was accompanied by increased contamina-
tion by heavy metais, which may have contributed to the toxicity of the water,
Althiough this was held not to be the case, the data on heavy metal toxicity used
for the comparlson were for other species of fish and in water of different
chemical characteristics. :

1t is becoming clear that it Is not possible to give precise limits of pH value
above which a good population of a fish specles would be expected, Genetically
determined differences between strains of specles, selection and acclimation may
affect the sensitivity of the fish, and low concentrations of sodium, calcium, and
chloride may decrease their ability to osmoregulate (p. 29, para, 6). Data from
chronic tests carried out in the iaboratory may tend to overestimate the long-
term effects of acld pH vaiues on natural fish populations, for example, through
not having taken into account the influence of minor components in the waler.

¢+

Fish kills  Fish kills occur with two main types of acid poliution. Heavy rainfal
may flush out peat bogs or strlp mining areas and. produce a sudden flush of acld
water, or acld discharges from industrial sources may temporarily lower the pH
value of the water to a lethal jevel. In both cases, the pH value of the water is
usually measured after the fish kill has occurred and, therefore, the flgures may
bear little relatlon ‘to the pH values which were actuatly responsible for the
mortality. |

The positlon is further complicated in that these acid run-oifs can contaih
considerable quantities of dissoived ferric suiphate-which may become hydro-
lysed at pH vaiues above 3.0'to form ferric hydroxide (Dahl, 1., 1963), a process
which might be accelerated by the presenice of Thiobacillus species {Fjerdingstad,
1958; Dahl, J., i963). Roach which have been killed in such waters have had
brown deposits on their gills (Vallin, 1953). Schiemenz (1937)-states that pH
values below 5.4 are dangerous to common carp and tench, but a water contain-
ing much iron is dangerous at a pH vaiue of 5.4, Haupt (1932) found that one-
year-old carp died within five days in a water of pH 4.3-4.4 containing 1.2-
10.5 mg Fe/R. Larsen and Olsen (1948) found that fish kills occurred in a trout

_hatchery when the pH value of the water was 6.2-7.0 and the water contained

tions of ferric chloride in soft water could be wholly ;iccounted- for by the low.
" pH, value, and he concluded that ferric salts had a very low toxiclty. However,

.

- ggjyl mg Fe/?. wis requifed to givé thé thiréshold pH vatue of 5.0 with the dilu-

T A

1.5-20 mg Fe/R; the cause of death was attributed to the precipltation of fe_irlc
hydroxide on the gills, since the pH value of the water wis higher than the lethal
value. In laboratory experiments, Jones (1939) found that the toxiclty of solu-

&
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. . tion water used, and it Is possible that this concentrition was too low to have a
“toxic actlon if precipltated. If fish are kitled by ferric hydroxide in suspension,
"~ the concentrations which appear-to be lethal are lower than thit found for inert
suspended material (Chapter 1), but the presence of the precipltate on the gllis

- Of dead fish does not necessarily indicate that this was the primery cause of
death, Lewis and Peters (1956), using green sunflsh and largemouth bass, found
that high concentrations of. precipitated ferric hydroxide (up to 27 mg Fe/f) had

no effect on these fish in acid waters during a two- or three-day test in which the
" pH values varled within the range 3.7-4.7.

Recent experiments by Decker and Menendez {1974) showed that the 96-h
LC30 for iron to brook trout was 1.75 mg/f at pH 7.0, 0:48 at pH 6.0 and 0.4]
at pH 5.5; a constant-flow experimental technique was used which ensured that

8 continuous supply of freshly-precipltated iron hydroxide was brought into

contact with the test fish. However, Sykora ef al. (1975} found that the maxi-
mum level -which allowed the normal

ensure the oxidation of ferrous hydroxide to the ferric state. It is possible that

experimental techniques which can affect the particle size and chemical nature of

the suspension may exert a conslderable influence on the results. Smith, Sykora
and Shapiro (1973) found that fathead minnow were more sensitive, with
halcglallilllty and growth being reduced at the lowest concentration tested, 1.5
mg Fe/2. .

Surber (1935) found that after rainbow trout were transferred from water
with & pH value of 7.1 to.a soft hatchery water of pH 5.4, 35 per cent of them
died. Lloyd and Jordan (1964) point cut that the water was probably high In
free carbon dloxide (sbout 40 mg/f) and the observed mortalities were similar
to those which would be predicted for these conditlons from their laboratory
data, and therefore the mortality was not caused simply by the change in pH

Vallin (1962) stated that when the R. Motrumsan in southern Sweden (pH
value 6.0) .was polluted by an increased discharge from 2 sulphite cellulose
factory, the pH value fell to 4.0-4.5 and mortalitles of tench, roach and bream
were recorded, whereas perch and pike were more resistant, Neutralization
of the effluent with lime raised the pH value to above 5.0 and further fish
kills were avolded, so that It is very likely that this effect was caused either

- directly or indirectly by the concentration of hydrogen-ions in the water,

In the cases where the toxicity was not complicated by the presence of ferrlc

salts, the data on fish kills are in reasonable agreement with the results of labora.
tory experiments,

2.3.3 MODE OF TOXIC ACTION

; , gc'lipp_,-,o{ hyg:pg‘qq:!pqgj_ogﬁgglqgsh.has been dscribed by séverii];
, . authora o, the. precipitation "of fnicus vri’ the Blll epittieliiim causing ‘death-by*
;... silffocatidn; of. by precipitation of proteins within the epithelfdl sells (Ellis, 1937

Westfall, 1945); Kuhf and Koecke (1956), using solutions, of hydrochlorlc and

' 5. suiphurie acids in distilled water, found that the exposure of goidfish for one
2. hour to a pH vaiue of 4.0 jed to complete destruction of the gill eplthelium, a

rat_her rapld degeneration since this pH value has been found to be the 4-day

S5
i S

survival and growth of brook trout was
75-12.5 mg/%; in these experiments a 1%-h delay tank was introduced to

%
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+"11pyd and Jordad!(1964) found no evidence of gill tissue damage o preclpl-

" tated ‘mucusin‘rélnbiow-trout taken-at death afler a:7%-h'exposure-to a solution -+

of .pH.value 3.4~Histopathological studies by Daye and Garslde {1976) on sur-
ficial tissues-of-brook trout exposed: for up to 7 days to a range of pH values
above 2.2 showed that the gills were the most sensitive, with hypertrophy of the
mucus cells at the base of the filaments at pH 5.2 and accumulation of mugus on

‘the gills of surviving fish. In acutely lethal solutions the gill eplihelium became

detached from the pilaster cells. The lethal pH lUmit for this specles for a 7.day
exposure period was 3.5 (Daye and Garside, 1975). Dively et al. (1977) also
noted that mucus accumulated on the gills of brook trout in acld solutions when
refpiratory distress was at 8 maximum. -

Dahl, K. (1927) found that salmon held at a pH value of 4.7-5.4 (which had
killed 80 per cent of them in 17 days) recovered on transfer to clean water (pH
value 6.4). Lloyd and Jordan (1964) found that ralnbow tsout which had over.
turned after 24 h in a solution of pH value 3.8, recovered on transfer to clean
water at pH 8.2, It would appear, therefore, that salmonids do not suffer any
permanent damage from exposure to acid solutions for perlods of time too
short to cause death. The pH value of the venous blood of rainbow trout killed
by highly acid water (pH value 3.15) was 0.2 unlts lower than that of control
fish In water where little free carbon dioxide was present, and 0.55 units lower
In fish dying in water of pH value 4.50 and containing 50 mg/®? free carbon
dioxide (Lloyd and Jordan, 1964). These authors were of the opinion that, in
the rainbow trout, the cause of death Is acidaemia.

Dively ef al. (1977) found an Increase in"the Pco, of arterial blood of brook
trout, and also increases In gill ventilation iate, haematocrit and activity when
the fish were exposed to a pH value of 4.2; little change occurred in the blood
pH value. They also found a reduction In serum, sodium content, which sgrees
with the findings of Packer and Dunson (1970, 1972) for this species. Lelvestad
and Muniz (1976) found that brown trout dying In an acid Norweglan river (pH
value approx. 5.2) had low ‘plasma sodium and chloride concentrations (but
normal Pco, and haematocrit) and suggest that Inabillty to osmoregulate Is a
major cause of mortality. Addition of sodium chloride to snow melt water con-
taining 1.65 mg Na/® to raise the sodlum content to 14.4 mg/# increased the
survival of brown trout alevins from 30 per cent to 83 per cent at 2 pH value of
4.9; similar results were obtained with salmon, sea-trout and Arctic char (Salve-
linus alpinus) (Bua and Snekvik, 1972, quoted In Leivestad et al., 1976).
Packer and Dunson (1970) also found that Increasing the sodium eontent of
the water prolonged the survival of brook trout exposed to acute lethal pH
values; at death the sodium concentration in the blood plasma was normal and
it is iikely that death was caused by other factors. In other tests at 2.pH value
of 3.0, the blood pH value was reduced by 0.44 units within a 1%-h exposure
petlod,

3 The influence of acidity on the sodium balance of brown trout has been
studied using radio-tracers (P. G McWilllams and W. T, W. Potts, personal com-
munication). At pH levels greater than 5.0, influx and outflux are approximately
equal and body sodium is maintained; below pH 5.0 the influx is increasingly

,l&-“-“ reduced, and thé efflux is Increased. While the influx is most sensitive to acid pH

2 =5‘:.'é;,\?g1uq§',.“  efflux is more responsive to:the calcium concentration-of the water: it

Jakdssthought” that: lack® of calclum Inicreases”,
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i*..trout of different stralns and different scclimation™histories have different
. sodium exchange rates and 30 yeact differently to acld stress. Transfer of these
* fish to-'a ‘more acld water produces un initial reduction in lsadiuim ‘uptake
followed by an Increased level within §-2 days.
It seeint that the'primhe mode-of toxic-actloi i still unresolved; disruption of
- the gill eplthelium, production of mucts or gills, inabillty to osmoregulate nd
acidosis of the blood have all been found to be assoclated with harmful acid jH
cvaldes, - 7 I
There are few data on the sublethal effects of -hydrogen-ion toxicity; Neess
(1949) states that below a pH value of 5.5, carp develop a hypersensitivity to
bacterla, and It Is commonly believed in fish farming practice that a low pH

i‘-.':
¥

Y

3 ety ST

, but there are
no controlled laboratory experiments known to us which demonstrate this

effect. in the case of field observaiions, it is difficult to separate pH value from
other associated environmerital variables, including water hardness, which may

hms

also be of importance.

The Ufe cycles of some fish parasitesare affected by pH value. Ichthyophthirus
can repreduce normaily within the pH range 7.2-8.7, and can become attached

ey, -

(Baver, 1959). Frost (1939) found no difference between thé incldence of

parasites in a natural population of trout living in water at a pH value of 5.6 and
those at a pH value of 7.8-8.0,

2.3.4 AVOIDANCE REACTIONS

-
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Several authors have measured the ability of fish to detect and avoid acid pH
levels under laboratory conditions. in some of these experiments it 1s difficult
to judge whether the fish were detecting changes in hydrogen-on concentratlon
or differences In the level of free carbon dioxide.

™ Jones (1948) found that stickleback definitely avoided acid waters with pH
values of up to 5.4, which was slightly above the lethal-level of 4.8-5.0, and
showed a very vague negative reaction to a pH value of 5.8, when the alternative
cholce was water with a pH value of 6.8. Ishio (1965) found that carp and gold-
fish avolded pH. values in the range 5.5-7.0, with preference values of 8.4 and
1.2 respectively. Hglund (1961) separated the effects of free carbon dioxide
1 " . from that of hydrogen-ion concentration and showed that roach tend to avoid
e PH values below 5.6 and salmion parr PH values below 5.3,

Héglund also found that PH values in the range 5.6-10.5 were non-directive
for roach, and that the range 5.3 to at least 7.4 was non-directive for salmon
parr. Brown and Jewell (1926), using populations of fish from an acid lake {pH
values 6.4-6.6) and from an alkaline lake (pH values 8.4-8.6) found that, in a
gradient tank where there was a cholce between these two waters, the fish
% from the acld Iake preferred the acid water and those from the alkaline fake
¥, the alkaline water, It is not established, however, that the fish were reacting to

! PH per se.
- In the discussion to Ishios paper (1 965), Doudoroff questioned
gnificance of experiments in which fish were exposed to steep

L Ry

ecological
1tration

b



s ?%ﬁi?t?im-ﬂﬁﬁ‘:ﬂ,zﬂg FEREST
ST R Y s
ly ot ""W-.'?g?#;é“}'?‘"}' fﬁ' o

R R MR AT

Ats R L -

jsnts b mibatances, and thought that reactions in the field, where changes in
gﬂ‘l‘l’l:::gl:l;n occurred either over a longer distance or during a longer p'e_rlod of
time, might well be different since progsessive adsptation to the changing con-

t ocour,

dltll?ll::rt:fel no accurate field data to suggest that fish migrate to an area of opti-
mum hydrogen-lon cancentration. The fact that various species of fish have been
observed at pH values considerably lower than 5.0 indicates that laboratory tests
demonstrate only the ability of fish to. detect changes in.the pH value of the
water, and it does not necessarily follow that changes will be avolded in the fieid
where the fish are also exposed to other, perhaps more powerful, stimuli.
Although there are reports of fish moving downstream when an acid fiush lowered
the pH value of the water (Hogbom, 1921; Parsons, 1952), there are no data on

the pH value to which these were acclimated, nor on the acidity required to

initiate movement.

2.3.5 EFFECT ON GROWTH

It ts well known that the growth rate of fish in acid waters Is usQally less than
that under alkaline conditions. Frost (i939) came to the conclusion that some
factor other than the amount of food gvailable was responsible for the ower
growth rates of trout in the acid head waters of the R. Liffey compared with
alkaline reaches further downstream, Campbeli {1961) found that there was no
correfation between pH value and growth raie of brown trout In nlne-lalfes with
pH values ranging from 4.9 to 8 4; hewever, he suggested that in some acid lakes,
where there were ample spawning grounds, the slow growth rates were due toa
too high population density for the available food supply. In an acid lake with

no natural spawning grounds, the growth rate of trout artificially stocked at a -

density was equal to that of fish in alkaline lakes. A slmi_lay observation was
ﬁ:de by ll’)e[ntlalowq(1944). From data suppiied by the Department of Agriculture
and Fisheries of Eire (E. Twomey, personal c:ommunlca't.lcu-n)3 the‘growt.h rate of
brown trout in lrish rivers and lakes was generally higher In atkaline waters, but
the best growth rate recorded was in a lake with a pH value of 5.4. -
Experiments have now been carried out on the growth rate of fish kept'a

different pH values and fed the same ration. No difference was found in the
growth rate of 18-month-old brown trout kept at p_H values 6.26, 5.44 and 5.00
" and fed with a daily ration of 2.9 per cent of initial body weight (Jacobsen,
1977). However, Menendez (1976) found that brook trout grew more slowly at
pH values of 5.0-6.5 compared with that of the controls, althou.gh growth rates
after ten weeks exposure appeared to be similar. Muniz and Leivestad {quoted
in Leivestad ef al., 1976) also found that brook trout grew more-slowly in an
acld water {pH value 4.2-5.0) over a period of a year, compared with fish kept

in the same water supply but neutralized with calclum carbonate to give a pH

value of 5.2-6.5: It is not ciear whether these apparently contradictory resuits
are due to species difference or to the experimental technlques used, Howet\lrler{
Leivestad et af, (1976) also quote Scandinavian studles which indicate tha
acidification of waters can initially increase growth rate of fish because of
uced competition for food, :

IedBﬁlfchmoﬁrea' {1937) found that crucian carp and common carp appeared to
feed normally ‘ovei’ the tolerated pH ‘range, but that maximum gm_wtl-l_fﬂas
L TR --,-n.)\;\g?ﬂc.p\_ ?_-\3 fLiT,.:,ﬂ ’,,-._J.I,_ pLL AR bl B Tt
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3 pH value of 5.5 for crucian earp and 6.0-6.2 for common ‘carp.
In northern Germany the optimum PH range for carp growth was 6.8-7.5;
% -below pH'6.0 the growth: rate is reduced, and this Is assoiatéd with a reduced
food supply (H. Mann, personal communication). Parsons (1952) reports ‘amaz-

ing growth’ of biuegill sunfish in 2 pooi at a pH vaiue of 4.5,
The relation between growth rate and hydrogen-on concentration [s unclear,

and It Is possible that other fons present, such as sodium, calclum, and chloride,
may exert a modifying effect, T

. 2.3.6 EFFECT ON FOOD SUPPLY

i+ A major factor in the poor productivity of naturally acid waters Is the low con-
' centration of dissoived mineral nutrients entering the ecosystem from surface
. drainage, It has been estimated that in Belgium, the productivity of ponds Is
i three times greater in the aikaline areas {pH vaives 7.0-7.5) than in the acid
; areas (pH values 5.0-5.6) but the difference between the productivity of rlvers
H + In these areas is not so great (Huet, 1941),
' However, there are several references suggesting that low pH values resulting
from poliution affect the reclrcuiation of nutrients in the aquatic ecosystem by
reducing the rate of decomposition of organic matter and by inhibiting nitropen
fixation (Neess, 1949;0RSANCO, [955). Harrison (i956) found that acid pollu-
tion from goid mining in South Africa produced typical peat bog conditions, with
large accumulations of undecayed plant debris, in a stream with a pH range of
; 3.7-4.8. It Is a 'common fish cuiture practice to add calcium carbonate to ponds
- where the pH value of the water or pond bottom is too low.

Certain species of invertebrates can withstand vety high hydrogén-ioh concen.
trations. Lackey (1938) found Gammarus species In two stréams with pid vallies
of 2.2 and 32 respectively; mosquito larvae in a &tream at pH 2.3, atid caddis
larvae (Trichopfera) at pH 2.4. He poisits out that 2 wide varlety ol different
species of animals and plants does not occur in waters with pH values below
) 6.2 but that large nitmbers of some specles may occur in highiy acld waters.
i# | 'Harrison (1956) found that specles common to alkaline or neutral waters were
: found at pH values down to 4.0, but a speciaiized flora and fauna developed
below 5.0 to at ieast as low as 2.9: Robeck (1965) reports six genera of caddis
from water of pH value 3.0. Since these lower pH values are well below those
lethal to fish, it wovid seem that absence of invertebrates Is unlikely to be a
limiting factor for fish In acid waters. Althdugh Gammarus is frequently absent
from acid streams, this may be correlated with low calclum content, dissolved
oxygen distribution or current speed, rather than hydrogen-ion content (Huet,
1941).

There have been no data published since 1969 which indicate that lack of
food organisms may be a limiting factor for fish populations in acid waters
(except where precipitated fron salts are present)- although the number of
specles presentand the prodictivity of the water may be reduced; recent Scandin-
. &vian data have been reviewed by Hendry er al. {1976). Also, Tomkiewlez and
¥ Dbnson (1977) concluded that suffisient fish food organisms were present In a

stream at pH 4.5-5.0 to support a limited population of fish.
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A change In the pH value of the witer following the discharge of an.acid effluent
may modify ‘the toxicity of other poisons already present, particularly those
. which dissociate into, an ionized 2nd an un-ionized fraction of which one Is
markedly toxic. A classic example is the nlckelocyanide complex which s 500
times more toxic at pH:7.0 than at 8.0 (Doudoroff, 1956) because the complex
dissociates into cyanide and nickel lons and a proportion of the cyanide forms
the highly toxic undissoclated HCN. Conversely, ammonia.is almost one tenth
as-toxic at pH 7.0 as at 8.0 (Wuhrmansi and ‘Woker; 1948)."Other substances
whose toxicitles are affected by the pH value of the water are cyanide alone
(Wuhrmann and Woker, 1948) and sodium sulphide {Longwell and Pentelow,

R TV AP

1935; Bonn and Follls, 1967). Recently;"Mount"(1966) has shown:that-the :

toxiclty of zinc to fithead minnows (PimepHales promields) decresses with a fall
in pH value from 8.6 to 6.0 (the 4-day median lethal concentration (LC50) belng
6.4 and 218 mg Znf¢ respectively in water of total hardness of 100 mg/R as
CaCO;) but there was no further decrease in toxiclty when the pH value was
reduced further to 5.0. There are other polsons, the toxicities of which are
affected by pH changes, but-these cannot be considered here. :

Poisons which are known to be not affected by changes In pH value of the
water within the normal range include ABS (Marchettl, 1966) and gas-liquor
phenols (Herbert, 1962), o

The discharge of aclds to water with a high bicarbonate alkalinity will liberate
free carbon dioxide in concentrations high enough to be directiy lethal to fish,
even though the pH value of the water does not fall to a level considered to be
harmful (Doudoroff and Katz, '1950). Sublethal leveis of frez carbon dioxide
may increase the sensitivity of fish to low levels of dissoived oxygen {Alabaster,
Herbert and Hemens, 1957) unless given prior acclimation (Doudoroff and
Warren, 1965). it Is not known whether sudden exposure to high but sublethal
levels of free carbon dioxide increases the sensitlvity of fish to other dissolved

oisons.

P Although there is reasonable agreement between laboratory data and field
observations of fish kills, there Is good evidence that some fish populations can
tolerate pH levels lower than those which would be consldered lethal from
these studies. Moreover, this also. indicates that such acid conditlons are not
necessarily actlvely avoided. In general, coarse fish appear to be at least ag reslst-
ant as salmonid species to acid pollution and some specles may be more resistant.

t

- However, a chronic acld discharge-which lowers the pH valise of & river or lake .

to below 5.0 will reduce the primary_productivity and therefore the food stipply,
so that If fish are still present, either thelr nuimbers or-their growth rate will be.

~rediced. A more detailed summary of the data is given at the end of this review
in Table 2.1, "

There Is considerable scope for further research In this fieid. There Is confllct-
ing evidence on the effect of iron salts on fish in acid waters; the presence of
soluble iron saits does not appear to harm fish but the precipitated hydroxide
may be more toxic than would be expected from studies on other suspended
solids: There is little information on the relation between pH value and the

. -resistance of fish to disease, or on their growth rate, or food/body-weight
St conversion ratios. . S MR ViR A T NS G B .t G v
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~some died, In water of pH vaiue 9.6 and a DO of 5 mg/t,
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24.1 LABORATORY DATA ON DIRECT LETHAL ACTION
Variables affecting the lethal levels

Effect of size Using sodlum hydroxide, Cairns and Scheler (i9

the 4-day median toierance limits of pH value for bluegill lunﬂgh-“srfr)erfggd It:;a;
and 9.9 for.fish with mean lengths of 39, 61, and 142 mm respectively shc;wlng
thal.suscepqlbility Increases with size, Bandt (1936), however, states'that the
median tolerance ievels of alkaline pH values are 0.2 units higher for large fish

and Mantelman (1967) has shown that the resistance of Co
coemmon carp Increases with age, . Lo e tnd

Acclimation, pH value . Jordan and Lloyd (1964
acclimation: pH vaive had no effect on the resist
values high senough to'kill In a few hours, the |
9.86, 9.91 and 10:13 for batches acciimated to p!
respectively, and tl?al this difference, although

) showed that although the
ance of rainbow trout to pH
-day median lethal values were
H values of 6.55, 7.50 and 8.40
small, was statlstically slgnificant,

Dissolved oxygen concentration

{DO) There are t
of high pH'yesams oneration are no accurate data on the effect

: [ferent levels of dissolved oxygen, aithough this
migl}t be important since alkaline conditions following from intense phogt]:)sym
thetic activity of aquatle planis are normally accompanied by high levels of dis-
solved oxygen. :Wlebe (1931) fourid that ‘bluegill shnfish showed distress, ind -

but were unaffected by
of an alkaline solution is
I'surface and not to the pH value of the bulk of
DO in the water may lead to an increased con-
on dioxide at the gill surface (Lloyd, i961) and
here. The extent to which the pH value at the piil
depend In part on the buffering capacity of the
8 been the subject of controlled experimentation,

a'pH value of 9.5 and.a DO of 10 mg/g. If the toxicity
related to the pH value at the gil
the solution, then an Increase 1n
centration of excreted free carb
therefore tofa lower pH value t
sutface is changed would also
water; none,of these factors ha

r

Other factofs _There are- no data for the effect of temperature, or water hard-
ness, on the toxicity of hydroxylion concentrations.

Summary of toxicity data

Salmonids' 1n tests using concrete blocks

as a source of alkall, B
found- that the minimum lethal pH valile andt {1936)

fot’ trout was 9.2, This is slightly

«day exposure was 9.5; but the
difference between these results may be that between the minimum vaiues

which presumably killed no fish, and the median values whih ¥ d 50 per
Vi

i

lower than the valii§ found fot ralnbow trout by J .
. . ¥ Jordan and Lloyd (1964) w r
 found that -the qzedlan‘léthal pH value fora [5 yd( ) who
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tof a guo (1964) reports that only 5-per cent-of a batch of 40
;:::li:g aAtt’l'ntnc:li:: sll:;l.ﬁg:; 'Slllcd *zrlﬁg: six weeks when kept in a water supply
carried through asbestos-cement pipelines and having a pH-value of 9‘i5t:hCm:;
(1964) scclimated brown trout to full strength sea water and exp_osed fl;l’!(l) L
alkaline saline solution; a pH value of 9.6 gave a median lethal perio OS i\ui
whereas fish at a pH value of 9.5 survived for more then four daysih ur\'tlult
times of these fish in lethal alkaline solutions were considerably less y a:1964
for rainbow trout in fresh water at similar pH vajues (Jordan and Lioy » 196 ).
Rosseland (1956} reports that an alkaline effluent was toxic to young 0:
and brown trout, a pH value of 9.7 being Iethal'within a day; whereas. ncmr
died during 4 days at pH 9.0. Long-term experiments with young stages o
Coregonus peled showed that the highest safe pH value was 8.6-9.2 (Mantelman,
lgﬁlé.lr)i;}lna (1953) found that with eggs and alevins of trout, mortalities occurred
above a pH value of 9.0, but the period of exposure s not given.

jes Bandt (1936), in experiments similar to that on p. 35, para. 5,
g‘:':; :E:fltelie minlmufn letl'za.l value for perch was 9.2, roach 104, carp l101.‘8i
pike 10.7, and tench 10.8. Jordan and Lioyd (1964) fou.nd that the medt:;n etha
pH value for a i0-day exposure was 10.15 for roach, s_llghtly less than t_at gwert
by Bandt, and Mantelman (i967) gives the highest .safe concemzlatlop 0:1 ca:nl
mon carp as 9.2-9.6. Sanborn (t945), using sodmm‘hydroxi e, foun a
goldfish died within 3-20 h at a pH value of 10.9, a.nd iived for more tcim:al se.\:n
days at a value of 10.4. Experiments using :;iodmm carbom_:te an ff c: nrll
hydroxide gave similar results, so that these cations appear to have no e et;, :re
the toxicity of the hydroxylions. Rosseland (1956) !’ound that n:lmno;:ed e
slightly more sensitive than brown trout to the alkaline effiuent descr
> 3:{;-:’ ::iusu.s developmental stages of burbot egps showed different sensitivities
to alkaline waters, the most sensitive stage being that of embryo segmataﬂond,
when a pH value of 8.0 killed half the eggs (Volodin, 1960). Reslstrance crea:
after this stage, but even at pH 9.0 hatching was delayed. Sperm o co‘mr:r:ng 2]:
had a lower period of motliity when the pH value of the water was t;:useb oleti“]
9.5 {Dyk and Lucky, [956), and pH-vaiues above 9.0 were found to be
(Elster and Mann, 1950). .

2.4.2 FIELD OBSERVATIONS

Fish kils In lakes and rivers, where there exists a combination of high plant

density (including algae), high temperature, and strong sunlight, vigorous photo- -

i to high levels for short

thetic activity can raise the pH vaiue of the water ort
;{?m:s. This is t{sually foliowed by lower pH vah:nes. during the nlghtdwl;th tj?lrl'{l
mum values just before dawn.'Such a diurnal variation was measure e R.

Int out that the

d in 1956 (Jordan and Lioyd, 1964). These authors po _
'l{:'r::ful effect of‘ these conditions is determined In part by the length of llm]_e] '
for which these high pH values are maintained, and in part by the maximum pH -

i d the high level of dissolved
value reached, Other factors include temperature an
1 3 18 high . 3). Furthermore, other
oxygen sccompunying (L8 Dbt vales (b, 33 pecy; %) Burhemore, ofe
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possible lethal fattors under these conditions.are an Increass in the dissolved
gas content of hie water to values greator than atmospheric pressure, which
may give rise 10 gas bubble’ diséase (Doudoroff, 1957), and lso certain algal
blooms present may producs toxic by-products,

Since the pH values can show a considerable diumnal fluctuation under these
natural conditions, it would be necessary to make frequent analyses of the water
in order to correlate pH value with fish kills. Ejcher (1946) reports that some
rainbow trout in a lake were killed when the pH value rose above 10.2, but that
fish in a river tolerated a rise to 9.4. For the reasons given above, this observa-
tion cannot be correlated” directly. with laboratory data but it is not at variance
with them, Dahl, J. (1957) records a fish kill in L. Lyngby (Denmark) where the
pH value rose to 10.3-106. In deep lakes, the high pH values may be limited to
surface waters only, and fish may be abie to survive in the deeper portions where
pH values are lower. Mortalities among pike-perch (Srizostedion lucioperca)
occurred at Ronninge (south of Stockholm) in 1966 when the pH value of the
water rose to 8.4-9.5 (T. Hasseirot, personal communication): it is thought,

however, that tokins from the accompanying aigal bloom may have contributed
to the death of the fish.

Nartural populations  Although Neess (1949), referring to carp ponds at Wielen.
bach, southern Havarla, states that a high fish production is maintained there
even though the pH value of the water reaches 12, this is an unusualiy high
alkallnity il produced by photosynthetic activity and might be regarded as in-
accurate. Howevér, pH vaiues of about 10.0 often occur there during the summer
(H. Relchenbach-Klinke, personal communlcation),

An alkaline discharge to the Austrian Milistitter See raised the pH vaiue of
the water to 9.3 over an 8-year period (Findenegg, 1962) but primary produc-
tivily appeared to be unaffected although some qualitative changes in the com-
position of the plankton and fish population'were observed,

F
1
2.4.3 MODE OF TOXIC ACTION

According to several authors (Kuhn and Koeche, 1956;Bandt, 1936; Schiperclaus,
1956) a toxic action of hydroxyl-ons Is td destroy the gill and skin epithelium,
Daye and Garside (1976) found that the glils of brook trout were the most
sensitive of the surficial tissues to high pH values within a 7-day exposure period,
with a threshold pH value of injury of 9.0; mucus cells at the base of the gill fila-
ments became hypertrophic and separation of the epitheilum from the pilaster
cells occurred at high pH values, Eicher (i946) reported that trout found dying
2t a pH value of 102 (p. 37, para, 2) had frayed dorsal and caudal fins and were
blind, and a similar condition was reported by Ivasik (1965) for carp in a heavlly
weeded pond where the pH valye rose to above 9.0, but it Is not clear whether
these symptoms were a direct result af the high pH value. Damage to the eye
lens and comea "of brook trout occurred above a pH value of 9.5 (Daye and

Garside, 1976); ‘the Fethal pH limit for this species within a 7-day exposure
period was 9.8, . .
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Jones (1948) showed that stickleback avoided solutions of sodium hydroxide
with a pH value above 11.0 but the range 7-11 produced no avoidance response
from fish given the choite between tap water at a pH value,of 6.8 and the experl-
mental solutions. Ishio’s (1965) results suggest that common carp and goidfish
avold jower ievels, the medlan avoldance pH for thess sp;clgs being 9:30 and
8.64 respectively. However, the comments made by Doudaroff to Ishio’s paper
mentloned on p. 31, para. 7 are pertinent here also,

2.4.5 EFFECT ON GROWTH

There are no data known to us on the effect of high pH values on the growth
rate of fish.

2.4.6 EFFECT ON FOOD SUPPLY

[ fish apart
Th e no data on the effect of high pH values on fgod supply o
fro‘:rrletl:':e observations by Findenegg (1962) on the Millstiitter See (p. 37, para. 4).

24,7 TOXICITY OF OTHER POISONS

e fon on the effect of low pH vajues on the toxicity gf other poisons is
E:pliz(l::le nhere, in respect of those polsons, such as cyamd‘e and am_monla,
whose toxicity is affected by the degree of lonization. Th.ls Is particularly
important in the case of ammonia, the toxicity of whlcl} increases with an
increase in pH value, Although zinc in sciulion may be preclpltate_d as the bg;_s:lc
carbonate at alkaline pH values, the precipitate can be highly toxic to fish tl”st
is kept In suspension (Lloyd, 1960; Herbert and Wakeford, 1964; Mount, lSt', Si)
1t is not known whether other heavy metals are toxic when precipitated as basic
carbonates.

{ bove '10.0 Is harm- 7
In summary, it appears that chronlc exposure to pH values ab :
ful ::) all api?lres stﬂdied, while' zalmonid and some other species are harmed at -

e 9,0,"and that tentative water quality criterla’can;be based on the
:fl:;;:b::;.gg;wever, It Is difficuit to correiate iaboratory data with. field
observations on the effect of alkalinity caused by photosynthetic _actlvlty
becausé of the possible additlonal effect of concomitant high dissolved oxg;geg
leveis, and the possibility that the water was aiso supersaturated with dissolve
gases or contained toxic algal by-products, or subsequently became deoxygen-
ated during the hours of darKness. If this probiem !s suffictentiy serious to ti‘:u-
rant further research, more’attention will have to be glven to measuring these
factors in the field and nira.ldn'g_t_he_ appropriate {aboratory experimepts.
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Table 2,1 suumfoﬂme EFFECTS OF pH VALUES ON Fisn _

e b n
. Range Effecr ;; -}; A....)' L . |
3.0-35 -Unlikely that li\y fish can survive for more than a few hours

in this range
aithough somo plants and invertebrates can be found at PH values lowet than
this, 5

35-4.0 - This range is kethal to salmonids. The
and plke tan survive in this range,
slightly higher, non-ethal fevels, b
lethal for roach. ’

Likely to be hatmful to salmonids, tench, bream, roach, goldfish and common
carp which have not previously been acclimated 1o low PH vaiucs, sithough the
resistance to this pH range increases with the size and age of the fish. Fish can
become acclimated to thete fevels, but of perch, bream, ronch and pike, only
the lasi named may be abie to breed.

Likely to be harmfui to the eggs and {ry of salmonids, and to aduits partiey-
lariy in soft water containing low concentrations of calcium, sodium and
chloride. Can be harmful to common carp,

P )

re I evidence that roach, tench, perch
prosumably after a-period of acclimation to
ut the fower énd of this ranpe may still be

TR AN

4.0-4.5

e

45-5.0

5.0-6.0 Unlikeiy to be harmful to any species uniess slther the concenisalion of free

carbon dloxide:is greater than 20 mg/2, or the water dontains kkon salis which
ate [seshiy precipltated as ferric hydroxide, the precise toxicity of which is
not known. The lowes end of this range may be harmfui to non-acclimated
saimeonlds If the calcium, sodium and chioride conceotralions, 0s the tempesa-
luse of the water are iow, and may be detrimental 1o soach repsoduction.
6.0-6.5 Uniikeiy to be

SRR L S AT

.harrnfui 1o fish unless frec carbon dioxide is psesent in ox cess of

: 100 mg/e. )
i 6.5-9.0. Harmless to fisiy, aithough the toxlelly of other polsons may be affected by
I changes within,this range.
J 9.0-9.5 Likely to be harmful 10 saimonids and perch if present for a considerabie
iength of time."
* $.5-10.0

Lethal to nlmq.nld: over a prolonged perlod of time, bul can be wiihstood fos
short perlods. May be harmful to developmentai stages of some species,

10.0-t0.5  Can be withstopd by roach and salmonid
: prolonged period.

Rapidiy lethal t:o saimonlds. Prolonged exposuse to the u

is lethal to carp, tench, goldfish and-pike.

Rapidly lethal to all specics of fish.

g

s fos shor! perlods but Iethai oves a

105-11.0 pper imit of his range

1t.0-t1.5

Relerence is'made 1o dll’fere'r:t species on the basis of Informarion known to us; The absence
ol a reference indicates only thal Insufficlen! data exist,

" - 2.5 Conclusions
%? 2.5.1 TENTATIVE WATER QUALITY CRITERIA
I“J. )
%i It is becoming increasingly clear that, for many pollutants, no single levei or

‘concentratlon can be put forward as the dlviding line between safe and harm-
ful which is universally applicable for all aquatic situations. Effects of the
environment on both thé toxicity of the pollutant and the susceptibility of the
fish, as well as differendes bétween the susceptibillty of the various species of

fish and the presence of other pollutants, have to be taken Into account when
attempting to formulate criteria for safe levels. -
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- ‘the 'axlatin édntagun‘lhe effect of -extreme pH values on

: nelall:hromlfrehéﬁﬂv%fhdr as.decurate, as would be ideally required for the
formulation -of definite -criterla, 'the information pressnted in this review. does,
nevertheless, .allow. general predictions to be made of the ¢ffects of acid or
alkaline discharges on .a fishery, Such effects are summarized in Table 2.1: it
should be emphasised that these may have to be revised in the light of future
experience -and research. Data on avoidance reactions have not been taken into
account because-of the difficuity in correldting lsboratory data with field con-
ditions; also, there iz no Informatlon on a direct effect of pH value on growth.
For the alkaline range; the effect of high leveis of dissoived oxygen on the sus-
ceptibiiity of fish has not been considered since there are no relevant quantitative
data. There Is some evidence that the resistance of fish to extreme pH values
increases with age,

2.5.2 SCOPE FOR FURTHER RESEARCH

In order to define water quallty criteria more fully, further laboratory research Is
required on the toxicity to fish of acid waters containing iron salts, and on the
growth rates of fish in acid waters, Fleld studies on the productivity of 8CI.d pol-
luted streams are also required, There may be a need for iaboratory stud_les on
the effect of high dissolved oxygen levels on the resistance of fish to alkaiine pH
values, together with those other assoclated factors which may occur in the field,
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